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The spatial and genetic relationship between porphyry copper/molybdenum mineralization 
and epithermal mineralization has been widely recognized (e.g., Richards, 1995). This relationship 
occurs at the deposit scale where it can be demonstrated that one porphyry system was responsible for 
both the epithermal gold and porphyry molybdenum/copper mineralization. Examples of this 
relationship include: Emperor (Eaton and Setterfield, 1993), Golden Sunlight, Montana (Spry et al., 
1996; 1997), Porgera (Richards and Kerrich, 1993), and Far Southeast-Lepanto, Philippines 
(Hedenquist et al., 1998). However, the spatial relationship between porphyry systems and 
epithermal systems can also be demonstrated on a regional scale. For example, the well-known 
Colorado Mineral Belt is host to porphyry molybdenum (e.g., Climax, Urad-Henderson) and 
epithermal gold-telluride deposits (e.g., Central City, Bessie G). 
In Fiji, several gold occurrences, hosted in alkalic rocks (e.g., Emperor, Mt. Kasi, Tuvatu, 
Kingston, Banana Creek), are localized along the >250 km northeast trending Viti Levu lineament. 
Eaton and Setterfield (1993) demonstrated that a genetic relationship exists between subeconomic 
porphyry copper-gold mineralization at depth in the Nasivi shear zone, near the center of the Tavua 
caldera. The Emperor deposit occurs at the intersection of the Nasivi shear and the Viti Levu 
lineament. A genetic and spatial relationship between epithermal gold telluride and porphyry copper 
mineralization is also likely in the upper Sabeto River area, eastern Viti Levu. 
Although a considerable amount is known about the geology of alkaline igneous 
rock-related gold telluride deposits (summary in Richards, 1995), exploration tools utilized in the 
search for these deposits are constrained by genetic models of ore formation. Such models depend on 
geological, petrological, and mineralogical data, as well as geochemical information derived from 
radiogenic isotope, stable isotope (S, C, 0, and H), and fluid inclusion studies. The present study 
enlarges on the data collected by Ashley and Andrew (1989), Corlett and Merchant (1996), Zhang 
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(1996), Hatcher (1998), and A-Izzeddin (1998) for the Tuvatu prospect. The goals of this project are: 
1. To classify the various intrusive and extrusive rocks; 2. To characterize alteration assemblages 
associated with the various stages of gold-bearing mineralization (e.g .. silicification, sericitization, 
phyllic, potassic, etc.); 3. To determine the paragenesis and distribution of tellurides, sulfides, 
carbonates, and silicates throughout the deposit; 4. To determine the temperature of formation, 
composition, and source of the ore-forming fluids; and 5. To provide Emperor Gold Mining 
Company with substantial information that can be used to develop exploration strategies at the mine 
and regional scale. 
Thesis organization 
This thesis contains one manuscript entitled "Petrological, mineralogical, fluid inclusion and 
stable isotope characteristics of the Tuvatu gold-silver telluride deposit, Upper Sabeto River, Fiji," 
which will be submitted to Economic Geology. The manuscript has been formatted to comply with 
the requirements of the journal. Figures and tables referred to within the text are included at the end 
of the manuscript, following the reference section. Additional data appendices follow the General 
Summary. 
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CHAPTER 2. PETROLOGICAL, MINERALOGICAL, FLUID INCLUSION AND STABLE 
ISOTOPE CHARACTERISTICS OF THE TUV ATU GOLD-SIL VER TELLURIDE 
DEPOSIT, UPPER SABETO RIVER AREA, FIJI 
A paper to be submitted to Economic Geology 
Nancy L. Scherbarth and Paul G. Spry 
Abstract 
The Tuvatu gold-silver telluride deposit (300,000 oz), second in size in Fiji to the Emperor gold 
telluride deposit (10 Moz), is located along the >250 km northeast trending Viti Levu lineament, and 
is spatially and genetically related to low grade porphyry copper mineralization and to the 
emplacement of the alkaline 4.85 Ma Navilawa Monzonite. It is hosted in sub-vertical, N-S and 
NNE-SSW trending veins, shallow S-dipping veins ( <45°) or "flatmakes" representing reactivated 
oblique thrust faults, and irregular brecciated bodies or "shatter zones" that occur at the intersection 
of the other two lode types. Seven vein structures occur in the Tuvatu deposit (Tuvatu, H, SKL, 
Nasivi, Murau, West and Upper Ridges lodes), along with two distal vein structures (Davui and 
Nubunidike lodes). Four hypogene and one supergene stages of vein mineralization were identified. 
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Stage 1 is late magmatic and associated with the formation of apatite while stage 2 is characterized by 
potassic alteration and early porphyry-style mineralization dominated by coarse magnetite, 
orthoclase, phlogopite, pyrite, and chalcopyrite. Stage 3, propylitic alteration (epidote, chlorite, 
muscovite, quartz, pyrite, and chalcopyrite) contains minor amounts of native gold, while stage 4, the 
most gold-rich stage, is dominated by phyllic alteration (quartz, sericite, adularia, roscoelite, and 
carbonates) and pyrite, base metal sulfides, tennantite, tellurides (calaverite, krennerite, petzite, 
hessite, stlitzite, sylvanite, coloradoite, and altaite), native gold, and electrum. Stage 5 mineralization 
consists mostly of carbonates, gypsum, and secondary Fe-Cu-sulfides with minor supergene native 
gold. In the Tuvatu and H lodes, porphyry copper style mineralization is overprinted by epithermal 
gold-telluride veins. 
Fluid inclusion homogenization temperatures of primary inclusions in stage 1 apatite fluids 
formed over a wide range of temperatures (276° to >500°C), with most homogenizing at >450°C. 
These fluids were boiling and hypersaline (>50 wt % NaCl equiv) and subsequently gave way to 
stage 2 variably saline, boiling fluids (5 to >40 wt% NaCl equiv) that formed at - 310°C. Stage 2 
fluids also contained traces of an unidentified immiscible organic fluid. Stage 3 propylitic alteration 
formed at - 300°C from fluids that generally ranged in composition from 1 to 10 wt percent NaCl 
equiv. However, stage 3 fluids were also locally boiling and very saline (up to 37 wt% NaCl equiv). 
Stage 4 non-boiling, moderately saline fluids (mean = 8.4 wt % NaCl equiv) formed between 
approximately 325° and 100°C (mean= 259°C) and accompanied telluride and base metal sulfide 
deposition. The pressure correction to stage 4 fluids was likely small ( < 10°C) with hydrostatic 
conditions persisting through stage 1 to 3 until lithostatic conditions dominated during stage 4. 
Values of 834S for sulfides in the porphyry and epithermal veins range from -15.3 to -3.6 per mil and 
reflect an increase in the ~SOJ:EH2S ratio of a boiling magmatic fluid. 
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Oxygen isotope compositions for water in equilibrium with stage 2 orthoclase, magnetite, and 
phlogopite, and stage 3 quartz and muscovite range from 4.4 to 10.2 per mil whereas values of 8180 
for water in equilibrium with stage 4 quartz range from 7.8 to 11.5 per mil. These values, coupled 
with 8180 and BD values of fluids in equilibrium with phlogopite of 6.5 to 9.8 per mil and-25.9 to 
-9.9 per mil, respectively, overlap with waters from the arc magmas and subduction-related volcanic 
vapor boxes and are consistent with a magmatic source and permissive of a meteoric water 
contribution. 
Ore-forming components, such as Au, Ag, Te, V, and S, were most likely derived from the 
Navilawa Monzonite. Geologic, paragenetic, mineralogical, fluid inclusion, and stable isotope data 
from the Tuvatu deposit are similar to published data from the Emperor deposit and suggest a 
common genesis for both deposits. 
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Introduction 
The transition from porphyry-style to epithermal-style mineralization has been recognized in 
several deposits worldwide including Porgera, Papua New Guinea (Richards and Kerrich, 1993), 
Golden Sunlight, Montana (Spry et al., 1996), Cripple Creek, Colorado (Thompson, et. al, 1985), Far 
Southeast-Lepanto, Philippines (Hedenquist et al., 1998), and Emperor, Fiji (Eaton and Setterfield, 
1993). The Tuvatu deposit, Fiji, may be added to this group of deposits in which epithermal gold-
silver telluride mineralization is spatially associated with low-grade porphyry copper-style 
mineralization. 
The Tuvatu gold prospect is one of several epithermal gold deposits spatially and genetically 
related to alkaline igneous intrusions that are localized along the >250 km northeast trending Viti 
Levu lineament, Fiji. It is second in size in Fiji (-300,000 oz. of Au) to the Emperor gold-silver 
telluride deposit (10 Moz of Au), located 35 km northeast ofTuvatu, and is spatially related to the 
emplacement of the 4.85 Ma Navilawa Monzonite. Previous studies of the Tuvatu prospect were 
done by Ashley and Andrew (1989) who evaluated, in an albeit preliminary way, mineralogical, 
paragenetic, fluid inclusion, and oxygen isotope characteristics of the epithermal gold veins. Other 
investigations have described the geological setting of the gold mineralization and have discussed 
various aspects of the mineralogy (Baker, 1989; Brooks, 1994; Colley and Flint, 1995; Corlett and 
Merchant, 1996; Zhang and Merchant, 1996; A-Izzeddin, 1998; Hatcher, 1998; Fander, 2000). 
The present investigation enlarges on the previous limited mineralogical and geochemical 
studies of the Tuvatu prospect and will: 
1. Evaluate the origin of the Navilawa Monzonite and cross-cutting basaltic-andesite dikes using 
whole rock and trace element data. 
2. Conduct detailed mineralogical and paragenetic studies of the porphyry and epithermal vein 
system in the Tuvatu prospect to help determine whether the two systems are genetically related. 
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3. Obtain fluid inclusion and stable isotope (S, 0, and H) data to ascertain the conditions of ore 
formation, and the composition and source of the ore-forming fluids. These isotope compositions 
complement 12 oxygen isotope data obtained by Ashley and Andrew (1989). 
4. Derive a genetic model that incorporates the formation of porphyry- and epithermal-style 
mineralization near the margins of the Navilawa Monzonite. 
Regional Geological Setting 
Fiji is comprised of two large islands, Viti Levu and Vanua Levu, and approximately 300 
smaller islands. Together they are positioned on a prominent offset of the convergent boundary 
between the Pacific and Indo-Australian tectonic plates (Fig. 1 ). This offset marks a broad zone of 
diffuse spreading and transform faulting (Hamburger and !sacks, 1988) within active convergence of 
the west-dipping Tonga arc-trench system and the east-dipping Vanuatu arc-trench system. Fiji is 
presently a remnant oceanic arc that developed during the Tertiary (Gill et al., 1984). Several 
complex tectonic events took place within this region during the past 40 Ma. In Middle Mesozoic to 
Late Miocene, active subduction of the Pacific plate beneath the Indo-Australian plate occurred along 
the continuous Vitiaz trench. The Solomon-Vanuatu-Fiji-Lau-Tonga Islands made up the continuous 
Vitiaz arc that formed along the Indo-Australian plate. At approximately 10 Ma, the Ontong-Java 
Plateau collided into the Solomon Islands along the western portion of the Vitiaz trench. Then, 
around 7.5 Ma, the Melanesian Border Plateau collided into the eastern portion of the Vitiaz trench. 
These two collisional events ceased the subduction along the Vitiaz trench, and led to a reversal of arc 
polarity north of Fiji along the Vanuatu segment of the arc possibly as early as 8 Ma (Hamburger and 
!sacks, 1988; Gill and Whelan, 1989; Begg, 1996; Begg and Gray, 2002). A new trench (Vanuatu 
trench) was established on the western side of the Vanuatu arc, making the Vitiaz arc an inactive, 
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relict trench. Volcanism ( calc-alkaline type) began to reflect the presence of the new subduction zone 
during the Pliocene (Gill and Gorton, 1973). Between 8 and 5.5 Ma, an arc north of Fiji fragmented 
to form a transverse rift. This changed into a transform zone as back-arc spreading allowed the 
Vanuatu and Tonga arcs to diverge. The spreading resulted in isolation of the inactive Vitiaz trench 
and the Lau Ridge. 
According to Gill and Whelan (1989), shoshonitic volcanism occurred in Fiji as early as 5.5 
Ma. Sometime later, the Fiji Islands underwent counterclockwise rotation. The area that had 
undergone rotation is now known as the Fiji Platform. 
The ENE-trending Fiji Fracture Zone (FFZ) and the NE-trending Hunter Fracture Zone 
(HFZ) are presently active, major left-lateral transform zones. The FFZ defines the northern 
boundary of the Fiji Platform and the southern boundary of the Pacific plate. The HFZ is a fossil 
subduction zone where the South Fiji Basin crust is being subducted beneath Fiji. Fracture zones 
subparallel with the FFZ are the Viti Levu lineament, which runs along the northernmost portion of 
Viti Levu, and the Vatulele-Beqa lineament, which occurs along the edge of the Fiji Platform just 
south of Viti Levu. They have controlled the distribution of Late Miocene to Early Pliocene volcanic 
centers on the Fiji Platform (Gill and Whelan, 1989). 
Magmatic compositions changed from island-arc tholeiites and calc-alkaline andesites to 
shoshonitic at-5.5 Ma (Gill and Whelan, 1989) (Fig. 2). The oldest rocks, which are the Upper 
Eocene to Lower Oligocene (35-40 Ma) Yavanu Group, occur in the western portion of Viti Levu. 
They are comprised of extrusive and intrusive basaltic (tholeiitic) rocks, the trondhjemitic stock, 
Yavuna stock, and minor volcaniclastics and limestones. 
The Yavanu Group is unconformably overlain by the Upper Oligocene to Middle Miocene 
(13-32 Ma) Wainimala Group, which dominate the southern portion of Viti Levu. Begg (1996) 
subdivided the latter group ofrocks into an arc assemblage consisting of volcaniclastic rudites, dacite 
and andesite lavas, and shallow-water limestones and a basinal assemblage, which includes 
volcaniclastic turbidites, hemipelagic carbonates, and tuffs. 
From Middle Miocene to Late Miocene (12.5 Ma- 7 Ma), the Colo Orogeny took place. 
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This orogenic event created large scale faulting and folding of the Wainimala Group along with the 
emplacement of the plutonic suite of gabbro and minor tonalite intrusions, which occur in a semi-
continuous belt from the southwest to the east of Viti Levu (Begg, 1996; Begg and Gray, 2002). At 
the end of the Colo orogeny, Viti Levu underwent a period of widespread and voluminous volcanism, 
from 6.5 Ma to 2.5 Ma (Colley and Flint, 1995). 
Several predominantly sedimentary packages (Medrausucu (also includes high-K andesites), 
Nadi, Tuvu, Navosa, Cuvu, and Ra Groups) were deposited on Viti Levu during Upper Miocene to 
Lower Pliocene as a result of erosion from the calc-alkaline volcanic material and older basement 
rocks of the Wainimala-Colo Groups. 
During the Early Pliocene, volcanic activity shifted from the southern to the northern regions 
of Viti Levu. This time period produced the formation of the prominent Tavua, Vuda, and Rakiraki 
volcanoes composed of shoshonite and high K calc-alkaline volcanic rocks (Colley and Flint, 1995). 
The Koroimavua Group occurs to the northeast ofNadi and consists of basal shoshonitic 
volcaniclastic sandstones and mudstones overlain by the Sabeto Volcanics, which include shoshonitic 
lavas, breccias, rudites and sandstones (Begg, 1996). The Ba Volcanic Group dominates the northern 
half of Viti Levu and is composed of shoshonites, and to a lesser extent, calc-alkaline volcanics. The 
Tavua Volcano, the largest in Fiji, is a main feature of the Ba Volcanic Group and hosts the Emperor 
gold deposit. Both the Koroimavua Group and the Ba Group occur along the ENE-trending axis 
(defining the Viti Levu lineament) and appear to be contemporaneous. 
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Geology of the Tuvatu Area 
The oldest geological unit in the Tuvatu area is the 12-26 Ma Nadele Breccia, which is a 
member of the Wainimala Group (Fig. 3). It constitutes approximately 60 percent of the 1 knl 
prospect area (Hatcher, 1998) and consists of andesitic to basaltic reworked, polymict volcanic 
breccias, pillow lavas, and sediments. The polymict agglomeratic grits appear to be the dominant unit 
of the Nadele Breccia, which occurs extensively in the area (A-Izzeddin, 1998). Thin layers of 
sandstone and siltstone are commonly interbedded with the grits and often exhibit cross bedding. 
Hatcher (1998) identified zeolite, chlorite, and epidote within the groundmass of the Nadele Breccia, 
which formed in response to the zeolite to greenschist facies metamorphism during the Colo orogeny. 
The Wainimala Group is unconformably overlain by members of the Sabeto Volcanics, the basal unit 
of the Koroimavua Volcanic Group, which according to Hatcher (1998) consists of augite-biotite 
flows and breccia with a basal sequence of andesitic and dacitic lithic and crystal tuffs, grits and 
agglomerates with minor flows. K-Ar dates of the Sabeto Volcanics by McDougall (1963) yielded an 
age of 5 .3 5 Ma. These volcanics constitute the topographical high zone in the eastern margin of the 
prospect area, roughly 10 to 15 percent (Hatcher, 1998). The Nadele Breccia was intruded by the 
4.85 Ma Navilawa Monzonite, which McDougall (1963) interpreted to be the intrusive equivalent of 
the Sabeto Volcanics. The Navilawa Monzonite consists of multiple phases of intrusions including an 
early micromonzonite, a medium-grained monzonite, basaltic-andesite dikes, and late-stage 
pegmatitic dikes (A-Izzeddin, 1998). The medium-grained monzonite (hereafter referred to as 
"monzonite") is surrounded by an envelope of micromonzonite and contains inclusions of 
micromonzonite. Together, the micromonzonite and the monzonite exhibit an elliptical shape with a 
NE-SW axis of 3 km and a NW-SE axis of 2 km. Porphyry Cu style mineralization is found at the 
center of the of the Navilawa Monzonite near the transition zone between micromonzonite and the 
monzonite at the Kingston prospect, 1.8 km north of the Tuvatu deposit (Colley and Flint, 1995). 
Faults in the Tuvatu area strike north to northeast and northeast to southeast with near vertical dips 
but, in places, they dip shallowly to the west. Some of these structures host epithermal gold 
mineralization near the margin of the Navilawa Monzonite. 
Petrochemistry of Igneous Rocks 
Petrography 
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The micromonzonite phase of the Navilawa Monzonite contains phenocrysts (0.25 to 3.2 mm 
in length) of euhedral to subhedral orthoclase and approximately equal amounts of plagioclase, along 
with pyroxene, amphibole, magnetite (0.25 to 0.8 mm long) and biotite in a matrix of sericitic lath-
like zoned plagioclase (An53-An65, Hatcher, 1998) (Fig. 4A). The groundmass of monzonite displays 
a poikilitic texture consisting largely of lath-like plagioclase (2 to 4 mm) that has been partially 
replaced by sericite. Lesser amounts of subhedral to euhedral orthoclase, plagioclase, diopside, 
hornblende, biotite, apatite, and magnetite (Fig. 4B) are also found in the groundmass. In contrast to 
the micromonzonite, the monzonite contains less plagioclase but more biotite, the latter of which 
appears as books ofbiotite >5mm in diameter displaying a miarolitic texture. The groundmass of the 
basaltic-andesite dikes is primarily composed of fine-grained (<0.5 mm) plagioclase laths with lesser 
amounts of clinopyroxene, olivine, magnetite, and pyrite (Fig. 4C). 
Methodology and major and trace element geochemistry 
Twenty drill core samples of micromonzonite (n=4) and monzonite (n=lO) from the 
Navilawa Monzonite suite and basaltic-andesite dikes (n=6), which intrude the Navilawa Monzonite, 
were collected for major and trace element analyses (Tables 1 and 2). Major elements (Si02, Ah03, 
Fe20 3, CaO, MgO, Na20, K20, MnO, Ti02, P20 5, Cr203, LOI) were determined by LiB02 fusion and 
measured by ICP-AES techniques, C and S by LECO analysis, and trace elements (As, Ba, Bi, Cd, 
Co, Cs, Cu, Ga, Hf, Mo, Nb, Ni, Pb, Rb, Sb, Sc, Sn, Sr, Ta, Te, Th, Tl, U, V, W, Y, Zn, Zr), including 
14 rare earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu), were obtained by 
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LiB02 fusion and measured by ICP-MS techniques by Acme Analytical Laboratories (AAL). The 
standards used by AAL indicate accuracy to within ±5 ppm for the trace elements and to within ±2 
percent for major elements. Base metal compositions were obtained by dissolving the sample in aqua 
regia and analyzing them with an ICP-AES, whereas high precision Au and Ag determinations were 
done by a classical lead-collection fire assay technique. Dore bead is parted in nitric acid and the 
precious metal flake is either weighed (gravimetric finish) or digested by addition of hydrochloric 
acid for analysis by ICP-AES. 
The majority of the igneous rocks from the Tuvatu prospect are unaltered to weakly altered; 
the least altered samples were chosen in this study. Monzonites and micromonzonites contain 
between 46.8 to 52.1 wt percent Si02, and 4.6 to 9.9 wt percent Na20 + K20 where KzO>Na20. The 
basaltic-andesite dikes contain 50.0 to 52.8 wt percent Si02 and 3.5 to 7.9 wt percent Na20 + K20 
where K20<Na20 (excluding sample 99TV77). Based on the total alkali-silica diagram of Le Bas et 
al. ( 1986), the monzonites and micromonzonites from Hatcher ( 1998) and this study fall entirely 
within the alkaline field defined by Miyashiro ( 1978), and are chemically equivalent to volcanic rocks 
consisting of trachy-basalts, basaltic trachy-andesites, tephrites/basanites, phonotephrite, and 
tephriphonolite (Fig. 5). The basaltic-andesite dikes plot within the sub-alkaline field (with the 
exception of samples 99TV 51 and 99TV8 l) and, based on total alkali-silica content, they consist of 
basalt, basaltic-andesite, trachy-basalt and phonotephrite (Fig. 5). Although data from Hatcher ( 1998) 
are included in Figure 5, samples of Nadele Breccia were not analyzed here because they contain a 
variety of rock fragments that possess a wide range of chemical compositions. 
Harker diagrams of the monzonites and micromonzonites exhibit moderate negative 
correlations between Fe20 3 (r2=0.58), CaO (r2=0.64), and Ti02 (r2=0.65) concentrations versus Si02 
content (Fig. 6). MgO (r2=0.24) and P20 5 (r2=0.32) concentrations exhibit weak negative correlations 
versus Si02 content and Na20 (r2=0.37), Alz03 (r2=0.40), and K20 (r2=0.42) concentrations exhibit 
weak positive correlations with Si02 content. These positive and negative correlations suggest that 
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monzonite and micromonzonite are textural variants of the same magma and were probably co-
magmatic. Decreasing Mg values (Mg/(Mg + Fe2+), Fe2+ = 0.85(Fe101a1)) of 0.56 to 0.44 from 
micromonzonite to monzonite are consistent with an evolving differentiated magma. These 
correlations, along with a pronounced calc-alkaline trend (Fig. 7), reflect the early fractionation of 
ferromagnesian silicates and oxides and the later fractionation of plagioclase, orthoclase, and biotite. 
In contrast to monzonite and micromonzonite, which show similar trace element patterns, the 
chemical variation diagrams for the basaltic-andesite dikes show that Si02 versus MgO (r2=0.40) and 
K20 (r2=0.3 l) exhibit weak negative correlations, whereas Si02 versus Ali03 (r=0.27), CaO 
(r=0.17), Fe20 3 (r2=0. l l ), Ti02 (r=0.09), P20 5 (r2=0.09), and Na20 (r2=0.07) lack linear 
relationships. The lack of similarity between these discrimination diagrams for the monzonite and 
micromonzonite versus those for the basaltic-andesites, in addition to the slightly lower Mg values 
(0.55 to 0.41) for the basaltic-andesite dikes, suggest that basaltic-andesite dikes and monzonites were 
not derived from the same magma. 
The Cu, Pb, and Zn contents of the Navilawa Monzonites are variable and range from 24.7-
868.7 ppm Cu (mean= 203 ppm), 1.5-10.97 ppm Pb (mean= 3 ppm), and 28.1-176.6 ppm Zn (mean 
= 67 ppm). These values are similar to those found in alkaline igneous rocks spatially associated with 
porphyry copper and epithermal gold systems. For example, unaltered shoshonites adjacent to the 
Emperor gold-silver telluride deposit, Fiji contain 7-23 ppm Pb (Rogers and Setterfield, 1994), 
weakly altered monzonites and tinguaites genetically related to the Gies gold-silver telluride deposit, 
Montana, contain 1-571 ppm Cu (mean= 105 ppm), 4-653 ppm Pb (mean= 162 ppm), and 33-1,423 
ppm Zn (mean= 383 ppm) (Zhang and Spry, 1994), the alkalic intrusive complex of the Porgera gold 
deposit, Papua New Guinea, contains 14-133 ppm Cu, 4-42 ppm Pb, and 58-127 ppm Zn (Richards, 
1990), and diorites genetically related to the Escondida porphyry Cu deposit, Northern Chile, contains 
6-80 ppm Cu (mean= 63 ppm) and 32-99 ppm Zn (mean= 71 ppm) (Richards et al., 2001). 
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The Navilawa Monzonite contains <53 wt percent Si02, low Na20/K20 ratios (0.4-0.9) and 
Ti02 (0.5-0.8 wt%), Rb/Zr ratios> 1, and Hf/Zr ratios <l, which reflect shoshonitic characteristics. 
Morrison (1980) suggested that in areas of oblique plate convergence, as was the situation for Fiji, 
successively younger igneous rocks become more K-rich due to steepening of the Benioff zone 
through time. Using the Ti-Zr-Y discrimination plot of Pearce and Cann (1973), the monzonite, 
micromonzonite, and basaltic-andes.ite dikes plot within the volcanic arc/mid-ocean ridge basalt field 
and suggest that they are arc-related (Fig. 8). This hypothesis is also supported by rare earth element 
(REE) patterns and spider diagrams. The REE chondrite-normalized patterns of the monzonite and 
micromonzonite are light REE enriched and heavy REE depleted and show no Eu anomalies (Fig. 9). 
La/Yb ratios show only a small variation (3.7 to 4.3). In contrast to this pattern, basaltic-andesite 
dikes show flat REE patterns and weakly negative Eu anomalies. The shape of the REE patterns for 
the Navilawa Monzonites is similar to those for other alkalic rocks from Fiji (Morrison, 1980) and 
those adjacent to the Porgera gold deposit, Papua New Guinea (Richards, 1990). A spider diagram of 
trace element data for micromonzonite, monzonite, and basaltic-andesite (Fig. 10) strongly suggests 
an island arc source due to the pronounced negative Nb anomaly with respect to Th and Ce, the 
depletion of other high field strength (HFS) elements (Ta, Zr, Hf, and Ti), and K enrichment 
accompanied by high concentrations of Sr (880.6-1, 792 ppm), Ba ( 424-776.4 ppm), and to a lesser 
extent Rb ( 64-101. 7 ppm). The chemistry of the basaltic-andesite dikes also indicates an island arc 
source due to the depletion of Nb with respect to Ce. The shape of the patterns in Figure 10 are 
typical of other Fijian shoshonitic rocks (e.g., Gill and Whelan, 1989), and mimic those associated 
with shoshonitic lavas from the Tavua volcano adjacent to Emperor (Rogers and Setterfield, 1994; 
Figs. 3a and b ). 
·Precious Metal Mineralization of the Tuvatu Prospect 
A-Izzeddin (1998) proposed that there is an intimate link at Tuvatu between structure, the 
emplacement of the Navilawa Monzonite, the development oflode structures, and the deposition of 
mineralization during two deformational events {D1 and D2). The development of vein structures 
within the Navilawa Monzonite and the reactivation of pre-existing structures during the Upper 
Miocene and Pliocene were related to the reversal of the subduction zone NW of Fiji. 
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The earliest structure at Tuvatu is the 50 m wide, E-W trending {D1 event) brecciated Core 
Shed fault zone, which dips steeply to the south. The development ofN trending Nasivi lodes, NE 
trending Upper Ridges lodes, NW trending sub-vertical fault structures (e.g., Carbonate Breccia 
(CABX) reverse fault) and sub-horizontal Murau and SKL Flatmakes formed during an episode of N-
S compressions {D2 event). A-Izzeddin (1998) also suggested that D2 structures subsequently acted 
as pathways for mineralization and became the host for ore deposition. Brecciation of the veins 
indicates that these structures were active while mineral deposition occurred or at least re-activated 
intermittently. Structural work by Hatcher (1998) suggested that gold was deposited in three different 
lode types, "steep-dipping veins" striking northeast (e.g., Nasivi and Upper Ridges lodes), shallowly 
dipping veins (<45°) or "flatmakes" representing reactivated oblique thrust faults (e.g., Murau lode), 
and irregular brecciated bodies or "shatter zones" (e.g., SKL lode) that occur at the intersection of the 
other two lode types (Fig. 11 ). 
Porphyry-style copper mineralization occurs in the northern parts of the deposit in the Hand 
Tuvatu lodes where chalcopyrite and pyrite occur in coarse zones ofbiotite-magnetite-orthoclase 
alteration. Although these lodes are overprinted by epithermal style mineralization, most of the gold 
occurs in epithermal-style veins hosted by the Navilawa Monzonite, basaltic-andesite dikes, and to a 
lesser extent the Nadele Breccia. 
The exact age of the Tuvatu mineralization is unknown. McDougall (1963) reported a K-Ar 
age of 4.85 Ma on biotites from the Navilawa Monzonite that is slightly older than a U-Th-He age of 
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3.46±0.1 Ma of coarse apatite crystals in the Tuvatu lode (Brent Mclnnes, 2002, CSIRO unpublished 
data). However, this is the age of the hydrothermal system as it cooled to about 70°C. It should be 
noted that these two dates drape the age of 3.89±0.05 Ma, using 40Ar!39 Ar techniques, for porphyry-
and epithermal-style mineralization at the Emperor Au-Ag-Te deposit (Setterfield et al., 1992; Begg, 
1996; Begg and Gray, 2002). It is likely that the similarity in age between the two hydrothermal 
systems can be correlated to the movement along the Viti Levu lineament. 
Paragenetic sequence 
Ashley and Andrew (1989) identified three stages of hydrothermal mineralization based, in 
part, on fluid inclusion data obtained from four samples and proposed that stage 1 is late magmatic 
and characterized by the presence of coarse prismatic apatite crystals. Coarse orthoclase and biotite 
(potassic alteration), magnetite, pyrite, chalcopyrite and quartz are the dominant minerals in stage 2. 
Stage 3 mineralization formed overgrowths on stage 2 mineralization or as replacements of stage 2 
minerals and is characterized by fine-grained quartz, epidote, sericite, carbonate, and zeolite with 
pyrite, marcasite, chalcopyrite, sphalerite, galena, and rutile as well as trace amounts of gold. Based 
solely on microscopic observations of one sample Ashley and Andrew (1989) identified tetrahedrite, 
native gold, native bismuth, and possibly calaverite (AuTe2), petzite (Ag3AuTe2), and altaite (PbTe). 
A mineralogical study of thirteen polished thin sections by Corlett and Merchant (1996) from 
drill holes 13 and 14 that intersected the Navilawa Monzonite suggested seven hydrothermal stages of 
mineralization at Tuvatu based on different types of alteration. According to Corlett and Merchant 
(1996), stages 1 and 2 represent a late magmatic/early hydrothermal event with K-feldspar and biotite 
as the dominant alteration minerals whereas stages 3 through 7 represent a mesothermal/epithermal 
hydrothermal event. Corlett and Merchant (1996) suggested that stage 3 is characterized by sericite 
alteration accompanied by chalcopyrite, rutile, hematite, pyrite, and trace carbonate. Stage 4 was 
considered by them to be the ore-bearing stage consisting of pyrite, marcasite, galena, chalcopyrite, 
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sphalerite, and stibnite (Sb2S3), as well as coloradoite (HgTe), possible altaite, an unidentified Ag-Au 
telluride, and native gold. The most common gangue minerals identified were quartz and adularia 
with lesser amounts of carbonate and sericite. The last formed alteration mineral is carbonate with 
late illite and some chalcedonic quartz in Stage 5. Stage 6 was the main clay stage with chlorite-
smectite replacing earlier sericite, muscovite and biotite. Stage 7 contained native gold associated 
with covellite and chalcocite that Corlett and Merchant (1996) believed to be products of supergene 
enrichment. 
Zhang and Merchant (1996) focused on the mineralogy of samples from two sets of drill core. 
The first set (holes 36, 37, 41, 43, and 47) of samples were of early porphyry-related alteration (strong 
potassic) that was locally overprinted by a late epithermal hydrothermal event whereas the second set 
of samples (holes 45, 46, and 48) were taken from epithermal mineralization. Pyrite, marcasite, 
tetrahedrite/tennantite, sphalerite, bomite, chalcopyrite, rutile were identified by them in altered 
(propylitic and phyllic) samples ofNavilawa Monzonite. Samples from the epithermal 
mineralization, characterized by phyllic alteration, contained an abundance of adularia and 
chalcedonic quartz with late-stage carbonates, in addition to pyrite, marcasite, tetrahedrite group 
minerals, sphalerite, native gold, possible hessite (Ag2Te) and stromeyerite (AgCuS), bornite, 
chalcopyrite, rutile, galena, and hematite. 
Hatcher (1998) proposed that four phases of hydrothermal mineralization were associated 
with the formation of the Tuvatu deposit. Phase 1 minerals included apatite, biotite, K-feldspar, and 
magnetite whereas phase 2 was characterized by the presence ofbiotite, K-feldspar, muscovite, 
chlorite, sericite, epidote, quartz, pyrite, gold, illite, smectite, and kaolinite. Phase 3 was the 
important gold-bearing stage and included the following minerals, quartz, adularia, sphalerite, galena, 
altaite, hessite, possible sylvanite ((Au,Ag)2Te4) or petzite, chalcopyrite, pyrite, and chalcedony. The 
last stage of mineralization, phase 4, was dominated by carbonate (dolomite±calcite±ankerite). 
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Fander (2000) focused on 22 samples from the Tuvatu area and proposed that the sulfides 
were emplaced in at least three stages. A late-magmatic stage, which contained disseminated pyrite, 
magnetite, and chalcopyrite, was apparently followed by a second stage dominated by pyrite, 
marcasite, sphalerite, galena and chalcopyrite. Base metal sulfides, tellurides, and native gold 
dominated the final stage. Fander (2000) optically identified enargite (Cu3AsS4), tetrahedrite-
tennantite, native bismuth, bismuthinite (BiiS3), galena, argentite (Ag2S3), cosalite (Pb2Bi2S5) and 
tentatively identified montbrayite ((Au,Sb)2Te3), krennerite ((Au,Ag)Te2), and petzite. 
Taking into account the observations of Ashley and Andrew (1989), Corlett and Merchant 
(1996), Zhang and Merchant (1996), Hatcher (1998), and Fander (2000) coupled with reflected-
transmitted light microscope and electron microprobe studies of 244 polished and doubly-polished 
thin sections, a five stage paragenetic sequence has been developed (Fig. 12). These stages consist of 
a late-magmatic stage followed by the three primary hydrothermal stages (potassic, propylitic, 
phyllic) and a late supergene stage (or post-mineralization stage). The mineralogy of samples in 
individual lodes is reported in Appendix A. 
Coarse apatite up to 1.5 cm in length is characteristic of stage 1. Its presence in the earliest 
hydrothermal event appears to be a link to the magmatic event as monzonite and micromonzonite 
both contain magmatic apatite. Stage 2 has a pegmatitic appearance characterized by coarse 
orthoclase, biotite, magnetite, chalcopyrite, and pyrite. Stage 1 is intergrown with the potassic 
minerals or occurs as inclusions in them. Propylitic alteration is localized and characterized by 
epidote, chlorite, muscovite, quartz, pyrite, chalcopyrite, and minor smectite. The most important 
gold-bearing stage is the phyllic stage 4 where native gold is spatially associated with base metal 
sulfides (galena and sphalerite), various tellurides (calaverite, krennerite, sylvanite, petzite, stiitzite 
(Ags-xTe3) hessite, altaite, and coloradoite), and gangue minerals (quartz, chalcedony, sericite, 
adularia and roscoelite). Medium-grained cockade and fine-grained banded quartz is intergrown or 
replaced by chalcedony. Adularia and sericite occur within the medium to fine-grained quartz. 
Roscoelite is found between quartz grains and chalcedony where it rims native gold and occurs in 
contact with tennantite and tellurides, especially calaverite. 
Tuvatu and H lodes 
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Tuvatu and H lode, the northernmost lodes identified at the prospect, trend NW-SE, range 
from 5 to 40 m wide and dip moderately to the NE. The Tuvatu lode is characterized by porphyry-
style mineralization and associated potassic alteration consisting of coarse grained (>5 mm diameter) 
apatite, orthoclase, zoned biotite, magnetite, pyrite, and chalcopyrite. Where oxidized, magnetite has 
converted to hematite. Pyrite has replaced magnetite and biotite as is suggested by the presence of 
pyrite along the octahedral cleavage of magnetite and in the embayed ends ofbiotite (Fig. 4D). 
H lode shows epithermal gold mineralization superimposed on porphyry style copper 
mineralization. Hatcher (1998) described H lode as a pyrite-biotite-magnetite-rich, intensely potassic 
altered unit in a post mineralization, hydrothermally brecciated fault zone. In contrast to Tuvatu lode, 
where magnetite is very common, magnetite occurs in trace quantities only in H lode. Disseminated 
rutile occurs in trace amounts also. Where present, hematite occurs as a breakdown product of 
magnetite and laths within pyrite grains. Pyrite is the most common sulfide in H lode followed by 
chalcopyrite, marcasite, and sphalerite. Other differences between the Tuvatu and H lodes include a 
marked decrease in grain size of the ore in H lode and the presence of trace amounts of native gold, 
calaverite, petzite and tennantite. Petzite coexisting with calaverite and native gold occur as 
inclusions in pyrite in H lode. 
Murau and SKL lodes 
The Murau lode consists of four, ENE-WSW trending, up to 1 m wide, flatmake structures 
{Ml, M2, M3, and M4) that dip to the south. The structures are constrained between the E-W 
trending Core Shed fault to the north and the NW-SE trending CABX fault to the south (Fig. 11 ). 
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Corbett and Leach (1998) speculated that the Murau lode initiated as cooling joints and enhanced into 
dilatant flatmake structures in response to the reverse movement of the Core Shed and CABX faults. 
The epithermal Murau lode, which grades from 2 to 5 g/t, is characterized by highly altered and 
silicified veins that contain small patches of quartz and roscoelite and veinlets of quartz. Pyrite is the 
most abundant sulfide followed by marcasite, chalcopyrite, and sphalerite. Magnetite is commonly 
replaced by pyrite and disseminated rutile occurs in trace amounts. Tennantite replaced chalcopyrite 
and native gold ( ~20 µm) occurs as inclusions in anhedral disseminated pyrite. No tellurides were 
present in the samples collected from this lode. 
The SKL lode consists of nine sub-horizontal (up to 2 m wide), southeast dipping flatmakes 
(SKL, SKL2, SKL3, SKL4, SKL5, SKL6, SKL7, SKL8, and SKL9) within the Navilawa Monzonite. 
Like the Murau lode, the SKL flatmakes are bounded to the north by the Core Shed fault and exhibit a 
reverse sense of movement as well as containing highly altered (phyllic ), silicified vein material 
consisting of veinlets and complex veins of quartz, where in places vuggy quartz has been infilled 
with chalcedony, adularia and/or calcite. The veins vary in size from 1 millimeter up to several 
centimeters. Roscoelite is present in SKL, SKL4, SKL5, SKL6, SKL7, and SKL8 veins. Pyrite and 
hematite replace magnetite whereas star-shaped grains of schreyerite (V 2 Ti30 9) occur along laths of 
rutile. Pyrite is the most common sulfide followed by chalcopyrite, marcasite, sphalerite, and trace 
amounts of galena and arsenopyrite. It is common to find chalcopyrite disease in sphalerite. 
Tennantite occurs in contact with pyrite, chalcopyrite and sphalerite and often contains inclusions of 
electrum and hessite. Gold is present in colloform quartz and arsenian marcasite/pyrite grains. The 
presence of tellurides (calaverite, hessite, altaite, and coloradoite) distinguishes the SKL flatmakes 
from the Murau flatmakes. 
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Nasivi lodes 
The Nasivi stockwork (Nasivi, Nasivi Steep, SKL) represents the intersection between a 
series of sub-vertical N-S trending epithermal Nasivi veins (45° to 75° dips} and sub-horizontal 
epithermal SKL veins. According to A-Izzeddin (1998), these structures have a dextral sense of 
movement, which produced sigmoidal "fish" structures, slickensides and sympathetic oblique 
structures within the veins. The grades vary from 5 to 20 g/ton for the Nasivi and SKL lodes, and 
where they intersect dilatant features are common. The Nasivi lodes consist of chalcedonic banded 
quartz with patches of roscoelite and minor adularia and carbonate veins. Pyrite, sphalerite, and 
galena are the dominant sulfides in the Nasivi lode along with lesser amounts of chalcopyrite and 
marcasite. Chalcopyrite disease is common in sphalerite. Ghost magnetite is replaced by pyrite and 
hematite in trace amounts and hematite also occurs at laths in pyrite. Native gold, electrum, 
krennerite, petzite, hessite, coloradoite, and altaite occur in the Nasivi Steep lode but most of the gold 
in the SKL flatmake and the Nasivi Steep and Nasivi lodes appears to be in the form of native gold 
and electrum. Disseminated rutile occurs in contact with trace amounts of schreyerite in quartz, 
roscoelite, and adularia in the Nasivi lodes. In the Nasivi Steep area, other vanadium minerals, 
nolanite ((V,Fe,Al,Ti}100 14(0H}2} karelianite (V20 3}, and a new unnamed mineral with the formula, 
VSi03, coexist with roscoelite and calaverite. 
Upper Ridges lodes 
Unlike the other lodes that are hosted in monzonite, micromonzonite is the host rock for the 
Upper Ridges lodes. Various sub-vertical, N-S trending basaltic-andesite dikes (2-5 m wide) and a 
series ofN-S, E-W, and NW-SE trending fault zones crosscut the micromonzonite, which are in turn 
crosscut by Upper Ridges lodes. The most prominent deformational feature is the NW-SE trending, 
15 m wide CABX fault zone, which dips 70° to the SSW (Fig. 11). The CABX fault zone contains 
mineralized dilational features, which A-Izzeddin (1998) considers were reactivated after gold-
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bearing minerals were deposited, because it bounds and displaces the lodes (e.g., UR2). The Upper 
Ridges lodes, located to the south of the CABX fault zone, consists of a series of I to 3 m wide veins 
that dip 70°-85° towards the east (URI, UR2, UR3, UR4, URS, URWI, URW2, and URW3). They 
are characterized by narrow alteration selvages of sericite with stockwork and brecciated quartz-
pyrite-chalcedony-carbonate veins, with roscoelite present in URI, UR4, URWI, URW2, and URW3 
veins. The Upper Ridges lodes exhibit higher gold grades (5 to IOO g/ton) and base metal sulfide 
(e.g., sphalerite and galena) contents relative to the other lodes in the Tuvatu prospect. Inclusions of 
native gold and electrum are the most common precious minerals in the Upper Ridges veins followed 
by petzite. Altaite is by far the most common non-precious metal telluride where it is generally in 
contact with galena and hessite. Other tellurides include calaverite, sylvanite, coloradoite, and 
stiltzite. The assemblage altaite-hessite-petzite is the most common assemblage followed by 
calaverite-coloradoite. Tennantite is most commonly associated with chalcopyrite and pyrite and 
rarely with galena and altaite. 
Plant Site lodes 
The Plant Site lode, otherwise referred to as the West lode is located west of the other vein 
systems and consists of three EW trending lodes (WESTl, WEST2, and WEST3) and one NW-SE 
lode (WEST4) that cuts across the other three lodes (Fig. I I). The quartz-pyrite-carbonate veins 
typically contain alteration selvages of magnetite and sericite or chlorite in the Navilawa Monzonite. 
Pyrite is the dominant sulfide followed by marcasite and chalcopyrite. Tennantite coexists with pyrite 
and chalcopyrite. Native gold and tellurides were not identified in the samples collected from these 
lodes. 
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Nubunidike and Davui lodes 
The Nubunidike and Davui lodes are located north of the adit entrance and are two of the 
most recently discovered exploration areas in the Tuvatu prospect (Fig. 3). The Nubunidike lode, 
with an average grade of 7 .98 g/ton, is exposed at the surface and extends down to around 1.6 m 
below the surface within the micromonzonite and Nadele Breccia. Davui surface veins, also hosted in 
micromonzonite and Nadele Breccia, cover an area of 400 x 600 m in the upper Nubuyagiyagi Creek 
and its tributaries (Fig 3). Nubunidike and Davui veins are similar in that quartz veins up to several 
cm in width contain sphalerite {<l cm) as the dominant sulfide followed by pyrite and chalcopyrite, 
where chalcopyrite disease in sphalerite is common and galena is present in trace amounts. Covellite 
and bornite occur within fractures and along grain boundaries of sphalerite and chalcopyrite. 
Inclusions of electrum (up to 0.1 mm in length) in pyritohedral pyrite were found in the Nubunidike 
lode. No tellurides were present in samples collected from these lodes. 
Mineral Compositions 
The compositions of minerals in the Navilawa Monzonite and the attendant porphyry- and 
epithermal-style mineralization in the Tuvatu area were obtained with an ARL-SEMQ electron 
microprobe (Appendices Band C). Standards used for the electron microprobe for native elements, 
tellurides, sulfides, and sulfosalts, were pure metals (for Ag, Au, Cu, and Te), natural cinnabar (HgS) 
for Hg and galena (PbS) for Pb, and the following synthetic minerals: matildite (AgBi2S3) for Bi, 
stibnite (Sb2S3) for Sb, orpiment (As2S3) for As, sudovikovite (PtSe2) for Se, sphalerite ((Zn,Fe)S) for 
Zn, pyrrhotite (Fe0.939S) for Fe and S. The standards used for oxides and silicates were orthoclase, 
kyanite, Amelia albite, scapolite, fluorite, Kakanui hornblende and augite, gahnite, chromite, and 
V 20 5, and the following synthetic minerals: manganese olivine (Mn2Si04) for Mn, iron olivine 
(Fe2Si04) for Fe, and magnesium olivine (Mg2Si04) for Mg. The ARL-SEMQ electron microprobe 
employed the PRSUPR data-reduction procedure of Donovan et al. (1992). Operating conditions for 
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the microprobe, when analyzing native elements, sulfides, sulfosalts, and tellurides, included an 
accelerating voltage of 20 kV and a sample current of 10 nA. For the oxides and silicates the 
accelerating voltage was 15 kV and the beam current was 15 nA. The electron beam was focused to 2 
microns in diameter for all analyses. 
Gold, As, and Te contents of pyrite and tennantite were obtained using a Cameca IMS-3f ion 
microprobe at Advanced Mineral Technology Laboratory (AMTEL). The measurements were done 
with a primary Cs+ beam source of approximately 50-55 nA at 14.5 KeV. Isobaric interference on 
gold 197Au from 133Cs32S2 and 58Fe75 As32S2 were eliminated via energy filtering by offsetting -180V. 
The primary ion beam diameter was 20 µm and the depths of most analyses were, in general, up to 
1.2 µm. Some ion sputtering to depths of 4 µm was done to evaluate the presence and extent of gold 
distribution throughout the volume of pyrite grains. Calibration of Au, Te and As was done by 
external standardization using pyrites implanted with gold, arsenic, and tellurium (Chryssoulis et al., 
1989). The isotopic abundance of the Te implant is 130Te (67%), 128Te (32%), and 126Te (1%). 
Minimum detection limits (2cr) of 150 ppb, 500 ppb, and 300 ppb were obtained for Au, As, and Te, 
respectively. The detection limit for imaging Au at this offset with the energy slit closed to 15eV is 
about 10 ppm (Chryssoulis and Weisener, 1992). 
Silicates 
Compositionally zoned biotites are rare in nature and have only been described previously by 
Jones (1996) in lamprophyres from the Northwest Territories, Canada. However, coarse grained (up 
to several centimeters) biotite within the Tuvatu and H lodes is optically and compositionally zoned. 
With distance from these lodes, biotite decreases in grain size and shows less evidence of zoning. 
Based on standardless electron microprobe analyses, Hatcher (1998) reported compositionally zoned 
biotite (Mg-rich cores and the Fe-rich rims) in samples ofNavilawa Monzonite. In the present study, 
four samples of unzoned biotites and one sample of a coarse zoned biotite were analyzed by EPMA 
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(Appendix C). Unzoned biotites are Mg-rich (13.51to16.32 wt% MgO). Twenty-one analyses of 
one biotite grain (Fig. 4E) with concentric light (white to pale green), medium (light brown) and dark 
(brown) color zones show that as the color becomes darker there is a decrease in the Mg/Fe ratio with 
a concomitant decrease in F (e.g., light zone= 21.29 wt% MgO, 9.13 wt% FeO, 4.16 wt% F, 1.03 
wt% Ti02; medium zone= 19.36 wt% MgO, 10.15 wt% FeO, 0 wt% F, 1.89 wt% Ti02; dark zone 
= 18.19 wt% MgO, 11.45 wt% FeO, 0.76 wt% F, 1.89 wt% Ti02). This effect is commonly 
referred to as "F-Fe avoidance" (Munoz, 1984). Jones (1996) interpreted the compositional zoning 
pattern, which is the same as that in biotite in the Tuvatu prospect, as due to partial requilibration 
between megacrystic biotite and lamprophyre magma as it rose to the surface. Zoning in biotite in the 
H and Tuvatu lodes was likely the product of requilibration of the composition of magmatic-
hydrothermal fluid as it evolved. 
The intimate spatial relationship between gold-silver tellurides and roscoelite has long been 
documented (e.g., Kelly and Goddard, 1969; Zhang and Spry, 1994). In Nasivi SKL veins calaverite 
is intimately associated with roscoelite. EPMA of roscoelite from the Tuvatu prospect contains up to 
32.71 wt percent V20 3 (Table 4; Appendix C), which is among the highest reported vanadium values 
in roscoelite from an epithermal Au-Ag-Te deposit (Spry and Scherbarth, 2002). 
Sulfides and sulfosalts 
Pyrite: Pyrite is by far the most abundant sulfide in the Tuvatu prospect and is a major host of 
native gold, precious and non-precious metal tellurides, and "invisible gold" in arsenic-bearing 
varieties. Pyrite of varying textures occurs almost continuously throughout the five stages of the 
paragenetic sequence. In stages 1 and 2, pyrite formed as fine grained ( <0.2 mm) disseminated 
pyritohedrons and as interstitial subhedral to anhedral smooth and pitted grains (0.15 mm to 5 mm in 
length) between optically zoned biotite and orthoclase, and where it replaces magnetite. These same 
pyrite textures continue on through stage 3 where pyrite hosts muscovite and chlorite. In stage 4, 
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shards and brecciated pyrite (0.8 mm to 2.4 mm) formed in carbonate veins whereas cubic to 
pyritohedral pyrite (individual grains <0.2 mm and masses up to 3 mm in length) formed and the 
interstices filled in with chalcopyrite, gold, or tennantite in coarse to medium grained quartz (:5:0.3 
mm) veins. Single blades, flakes and masses of bladed pyrite formed within medium to fine-grained 
quartz, chalcedony, and roscoelite (Fig. 4F). These plates/masses (0.2 mm up to 2 mm) were 
subsequently infilled with marcasite and then later rimmed by cubic arsenopyrite, which contains 
native gold or electrum. 
In view of the presence of up to 11,057 ppm Au, 5,796 ppm Te, and up to 16.60 wt percent 
As in pyrite from the nearby Emperor deposit and the fact that "invisible gold" constitutes between 47 
and 92 percent of the gold budget in the deposit (Pals et al.), a preliminary study of the "invisible 
gold" content of pyrite at Tuvatu was undertaken. Prior to undertaking secondary ion microprobe 
spectrometry (SIMS) analyses, 95 electron microprobe analyses of pyrite were obtained from 22 
different samples (Appendix B). Arsenic values ranged from 0 to 11.06 wt percent As with 18 grains 
containing >0.5 wt percent As (Fig. 13; Table 5). The highest concentrations of arsenic were 
recorded within the masses of stage 4 cubic to pyritohedral pyrite (e.g., 99TV-8) in the Upper Ridges 
W2 lode and in the masses of stage 4 platy pyrite (e.g., PS99TV-74) in the SKL lode. Twelve SIMS 
analyses for Au, As, and Te were obtained from three samples only but show that coarse anhedral 
grains of stage 2 pyrite do not contain detectable amounts of As and only up to 0.45 ppm Au and up 
to 2. 71 ppm Te (Table 6). However, subhedral to euhedral fine-grained masses of stage 4 pyrite 
contained up to 143 ppm Au, 296 ppm Te, and 0.21 wt percent As, whereas 51 ppm Au, 57.90 ppm 
Te, and 1.273 wt percent As were detected in porous stage 4 pyrite. Although there are insufficient 
SIMS data to determine the relative contribution of "invisible" gold to the overall gold budget of the 
Tuvatu prospect, they suggest that the "invisible" gold could be a significant contributor and that 
further analyses need to be obtained. 
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Galena: Seleniferous galena, with up to 7.9 wt percent Se, occurs in Nasivi SKL and Upper 
Ridges lodes (Fig. 14; Table 7). Galena also contains trace amounts of bismuth (up to 0.87 wt% Bi) 
and tellurium (up to 0.78 wt% Te). Although Ag is a common constituent of galena in many gold 
deposits, galena, like fahlores, at Tuvatu is notably Ag-free (the highest Ag content of galena is 0.27 
wt % only). The seleniferous galena, up to 1 cm in diameter, contains inclusions of native gold and is 
commonly rimmed by altaite. It should be noted that there also appears to be a limited solid solution 
between altaite (PbTe) and clausthalite (PbSe) since altaite in Upper Ridges veins contains up to 2.04 
wt percent Se (Table 7). 
Tetrahedrite group minerals (fahlores): The generalized formula for the tetrahedrite group 
minerals (or fahlores) is (Cu,Ag)6C14(Fe,Zn,Cu,Hg,Cd)z(Sb,As,Bi,TeMS,Se)13 (Johnson et al., 1986) 
where the two most common members of this group, tetrahedrite (Cu12Sb4S13) and tennantite 
(Cu12As4S13), form a complete solid solution. Fahlores are particularly important in epithermal gold 
telluride deposits because they are often intimately intergrown with precious metal tellurides (e.g., 
Golden Sunlight, Montana (Spry et al., 1997)), as is the case at Tuvatu. Fahlores occur as subhedral 
grains <1.5 mm in diameter included in or intergrown with native gold, hessite, petzite, calaverite 
(Fig. 4G), pyrite, chalcopyrite and sphalerite. Electron microprobe analyses show that the fahlores 
are zincian tennantite (1.87 to 9.21wt%Zn,0.19 to 8.33 wt% Fe, 0 to 12.41 wt% Sb, and 10.78 to 
20.91 wt% As) and that tetrahedrite is absent (Fig. 15). Tennantite is deficient in Ag (0 to 0.55 wt 
%) and Bi (0 to 0.28 wt%) but contains up to 5.50 wt percent Te (Table 8; Appendix B). 
Native gold 
Native gold in the Tuvatu prospect occurs as isolated grains in calcite and silicates (quartz, 
sericite and roscoelite ), as intergrowths with or as inclusions in pyrite, marcasite, chalcopyrite, 
sphalerite, galena, tennantite, calaverite, petzite, coloradoite, and altaite. Compositions of the 
· precious metal from H, SKL, Nasivi-SKL, UR2 and URW2 lodes show that it drapes the native gold-
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electrum boundary since its silver content ranges from 0.86 to 17.33 wt percent (Table 9), which 
equates to a fineness of 714 to 984 (Fig. 16). Gold analyses obtained by Corlett and Merchant (1996) 
show a Ag content of 5.8 wt percent for a grain from an epithermal vein and up to 8.2 wt percent Ag 
from two supergene native gold grains. One of the supergene grains also contained up to 8.2 wt 
percent Hg. Naden and Henney (1996) analyzed native gold from three samples that ranged from 3.5 
to 6.8 wt percent Ag (fineness values of 881to941). The most Ag-rich compositions are of electrum 
grains in contact with hessite whereas the most Ag-poor compositions are of native gold in contact 
with calaverite. This is consistent with the expected compositional relationships described by Cabri 
(1965) for the system Au-Ag-Te. A coarse gold grain in sample 99TV-7 from the URW2 lode was 
systematically analyzed (n=67) for Ag and Au and showed that Ag content increased towards its 
margins. This reflects a change in physical or chemical conditions of one ore more of the following 
parameters:jS2,j02, ionic content, pH, and total Au/Ag of the ore-forming fluid during the waning 
stages of gold growth (Gammons and Williams-Jones, 1995). 
Tellurides 
Calaverite, krennerite, sylvanite, petzite, stiitzite, hessite, altaite, and coloradoite are present 
in the Tuvatu deposit (Table 9; Appendix A). The most common precious metal tellurides are 
calaverite followed by petzite whereas altaite, which is the most abundant telluride in the prospect, 
and coloradoite are the only non-precious metal tellurides present. 
Grains of calaverite (0.02 mm to 0.4 mm in length), which occur in nearly all the lodes, 
coexist with native gold, petzite, coloradoite, and altaite. They also occur as inclusions in pyrite, 
marcasite, tennantite, and as individual grains in coarse to medium grained quartz and cross-cutting 
roscoelite and other V-bearing minerals. Calaverite contains up to 0.04 to 0.97 wt percent Ag 
(Appendix B). Krennerite (up to 0.32 mm in length) occurs in one sample only in the Nasivi SKL 
lode in a quartz-roscoelite vein in contact with tennantite. This grain contained 3.06 wt percent Ag. 
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Sylvanite (<0.02 mm) coexists with stiitzite and petzite as well as petzite and altaite in galena within 
the Upper Ridges lodes. The silver content of sylvanite ranges from 9.50 to 11.53 wt percent. 
Petzite, up to 4 mm in length, occurs in the H, Nasivi SKL, and the Upper Ridges lodes 
where it coexists with native gold, calaverite, sylvanite, hessite, stiitzite, and altaite. It is also found 
as inclusions in pyrite, sphalerite and galena, and also in cracks within tennantite. Petzite had 
previously been reported by Ashley and Andrew (1989), Corlett and Merchant (1996), Hatcher 
(1998), and Pander (2000) coexisting with native bismuth and native gold, as an inclusion in pyrite, 
coexisting with altaite and a Ag-telluride, and touching native gold and possible krennerite, 
respectively. 
The silver tellurides, hessite and stiitzite also occur in the Tuvatu prospect. Hessite occurs as 
isolated grains (0.2 mm) in coarse quartz, coexisting with native gold/electrum, petzite, sylvanite and 
altaite, and as inclusions in chalcopyrite, galena, and tennantite in the Nasivi-SKL and Upper Ridges 
lodes. Hatcher (1998) reported hessite within galena and in contact with altaite and possibly sylvanite 
or petzite whereas Zhang and Merchant (1996) identified it in contact with sphalerite, native gold, 
tennantite, and possibly stromeyerite. Stiitzite, which has not previously been identified, occurs in 
contact with sylvanite, petzite and galena (Fig. 4H) in the URl and URS veins. The Au content of 
stiltzite ranges from 0.97 to 1.52 wt percent (Table 9; Appendix B). 
Altaite is identified in nearly all the lodes where it commonly occurs as a replacement of 
galena (Fig. 17 A) and as inclusions in pyrite. Altaite coexists with native gold, petzite, sylvanite, 
hessite, and possibly coloradoite. Corlett and Merchant (1996) identified possible altaite in contact 
with gold and coloradoite within stibnite. Hatcher (1998) also reported the replacement of galena by 
altaite and its association with hessite and possible sylvanite or petzite. Altaite contains up to 2.04 wt 
percent Se and up to 0.63 wt percent Bi (Table 7; Appendix B). Coloradoite is a fairly common non-
precious metal telluride in most of the lodes and is found as grains< 0.3 mm in length in contact with 
native gold and calaverite, and to a lesser extent petzite (Fig. l 7B). Coloradoite also occurs in 
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sericite, roscoelite, sphalerite containing chalcopyrite disease, and in contact with platy masses of 
pyrite and marcasite. Corlett and Merchant (1996) described coloradoite in contact with native gold 
and possible calaverite or altaite. 
Apart from isolated grains of native gold and tellurides, the following telluride and precious 
metal assemblages were observed in the present study: calaverite-native gold, calaverite-coloradoite, 
calaverite-coloradoite-native gold, calaverite-coloradoite-native gold-altaite, calaverite-petzite-native 
gold, calaverite-petzite, petzite-native gold, petzite-sylvanite-hessite, petzite-sylvanite, petzite-
sylvanite-stiltzite, petzite-hessite-altaite, petzite-altaite, hessite-petzite-native gold, electrum-hessite, 
hessite-petzite, altaite-native gold, altaite-hessite, and coloradoite-native gold. Phase relations for the 
assemblages in the system Au-Ag-Te for the phyllic stage are shown in Figure 18. 
Vanadium oxides 
In addition to the vanadium silicate, roscoelite, and the possible new unnamed vanadium 
silicate, five vanadium-bearing oxide minerals were also identified in the present study in stage 4 
veins: karelianite (V20 3), Ti-free nolanite ((V,Fe,Ti,Al)100 14(0H)2, with between 65.2 and 87.3 wt% 
V20 3), schreyerite (V2Ti30 9), vanadian rutile (with up to 5.2 wt% V20 3), and magnetite (up to 0.69 wt 
% V20 3) (Table 4; Appendix C). Karelianite and Ti-free nolanite occur in roscoelite-colloform quartz 
veins that are intimately associated with calaverite (specifically Nasivi SKL samples 99TV-68a, 99TV-
68F). Karelianite ranges in grain size from 0.05 mm to 2.5 mm and exists as foliated laths and acicular 
masses. Ti-free nolanite commonly forms between karelianite grains as well as individual laths (<0.5 
mm) whereas schreyerite forms as fine flaky grains (<0.04 mm) that are intimately associated with 
granular masses of rutile ( <O .16 mm) found in colloform quartz, roscoelite, and along pyritohedral and 
bladed pyrite grains (singular or masses). 
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Fluid Inclusion Study 
Ashley and Andrew (1989) identified three stages of hydrothermal mineralization based, in 
part, on the fluid inclusion characteristics of 140 primary and 10 secondary inclusion data in four 
samples that contained apatite, orthoclase, and quartz. Their apatite is from our stage 1 whereas 
orthoclase and quartz are from our stages 2 and 3, respectively. Although not explicitly stated, 
because the study was done in the early stages of exploration, sample descriptions suggest that 
samples were obtained from Tuvatu and Upper Ridges lodes. Primary fluid inclusions in one sample 
of apatite contained two (aqueous liquid-vapor) or three phases (aqueous liquid-vapor with up to six 
daughter crystals). Optical observations and heating and freezing measurements by Ashley and 
Andrew (1989) on this sample suggested that stage 1 fluid was a high-temperature (>550°C), high 
salinity (>50 wt% NaCl equiv) boiling fluid. They claimed that two of the daughter crystals were 
halite and anhydrite. Ashley and Andrew (1989) analyzed stage 2 primary fluid inclusions in 
orthoclase and quartz (our stage 3) and suggested that these minerals precipitated from moderately 
saline (4.5 to 15.1 wt% NaCl equiv) boiling fluids at around 285°-385°C. 
Due to the small size of primary fluid inclusions, Ashley and Andrew (1989) were unable to 
obtain data from minerals that formed in the gold-bearing stages. However, they conducted heating 
and freezing data from secondary fluid inclusions in their stage 2 quartz (our stage 3) and argued that 
these low salinity (2.4 wt% NaCl equiv)-low temperature (l 16°-265°C) data represented the gold-
bearing fluids. 
To complement the preliminary investigation of Ashley and Andrew (1989), the present study 
obtained fluid inclusion microthermometric data from stage 1 apatite, stage 2 orthoclase, stage 3 
quartz and stage 4 sphalerite, adularia, and calcite. Fluid inclusions were also collected from fluorite 
of unknown para genesis. Two or three freezing point depression and homogenization temperature 
measurements were made on each inclusion utilizing a Fluid lnc.-adapted U.S. Geological Survey 
gas-flow stage. The estimated accuracy of the freezing and heating measurements is± 0.5°C and 
± 2°C, respectively. 
Nature of the inclusions 
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In general, fluid inclusions occur individually or as randomly oriented clusters and are 
considered to be primary in origin. They consist of well-defined negative crystal, elongate (needle-
like ), or irregular shapes that range in size from 1 to 150 µm in length. They are of four types: type 1, 
aqueous liquid-vapor inclusions (10-30 % vapor); type 2, aqueous liquid-vapor inclusions (70-80 % 
vapor); type 3, two- or three-phase liquid-vapor inclusions with up to six daughter crystals; and type 
4, single-phase liquid or vapor inclusions. There appears to be no visible evidence for immiscible 
C02 in any inclusion but rare type 3 inclusions contain a second colorless liquid at room temperature, 
which turns yellow upon heating above approximately 200°C. Ashley and Andrew (1989) also 
reported the appearance of this yellow liquid upon heating, which they interpreted to be a liquid 
hydrocarbon. 
Types 1 and 4 fluid inclusions are present in all the minerals analyzed whereas type 2 and 3 
fluid inclusions are abundant in stage 1 apatite, stage 2 orthoclase, and stage 3 quartz (Fig. 17C-G). 
The identity of all the daughter crystals in type 3 fluid inclusions is unknown but they include halite, 
sylvite, anhydrite, hematite and possible chalcopyrite. The association between all types of inclusions 
in stage 1 apatite, stage 2 orthoclase, and stage 3 quartz suggest that boiling occurred during these 
three stages. The absence of types 2 and 3 fluid inclusions in stage 4 minerals suggest the lack of 
boiling during the gold-bearing stage. Fluid inclusions in stage 4 quartz and chalcedony were <1 µm 
in length and were therefore unsuitable for microthermometric studies. 
Although field relations do not allow for the paragenesis of fluorite to be determined it 
contains type 3 fluid inclusions with up to five daughter crystals. This type of inclusion suggests that 
it formed during stages 1, 2 or 3 rather than stage 4. 
Type 1 secondary fluid inclusions, <15 µmin length, occur along healed fractures that cut 
across grain boundaries whereas pseudosecondary fluid inclusions, which are less abundant than 
primary or secondary inclusions form only along healed fractures completely within grains. 
Heating and freezing experiments 
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The results of heating and freezing experiments are listed in Table 10. Primary type 1 fluid 
inclusions in stage 1 apatite homogenized into the liquid phase from 427.4° to 450.4°C (n = 4) and 
>452°C (n = 5). One secondary type 1 fluid inclusion homogenized into the liquid phase at 337.6°C. 
One primary type 2 fluid inclusion homogenized into the vapor phase at 498.2°C but four primary 
type 2 fluid inclusions and one primary type 3 fluid inclusion had not homogenized by that 
temperature. Values of homogenization temperatures (Th) obtained herein of primary fluid inclusions 
in stage 1 apatite are similar to those (276° to 551°C; n = 34) obtained by Ashley and Andrew (1989) 
for primary type 1 and type 3 fluid inclusions in the same mineral. Ashley and Andrew (1989) also 
reported that many fluid inclusions had not homogenized at Th values >550°C. Combined Th data of 
fluid inclusions in apatite from the present study and Ashley and Andrew's (1989) study are presented 
in Figure 19a. 
Primary type 1 fluid inclusions in orthoclase from stage 2 homogenized into the liquid phase 
between 287. 7° and 346.1°C (n = 14 ), whereas two secondary type 1 fluid inclusions yielded Th 
values of 195.4° and 197.2°C. Primary type 3 fluid inclusions in orthoclase, which contain one or 
more daughter crystals along with a second clear liquid, homogenized at 260.4° to 412.7°C (n = 4) but 
three fluid inclusions had not homogenized upon heating to 360°C. This second liquid is common in 
type 3 inclusions (e.g., samples OOTV-lOF and OOTV-12F; Fig. 17D) and upon heating at Th> 170°C 
it turned yellow. Ashley and Andrew (1989) obtained values of Th between 283° and 353°C (n = 75) 
for primary type 1 and 3 fluid inclusions in orthoclase and between 175° and 260°C (n = 7) for 
secondary type 1 inclusions. By combining Th primary fluid inclusion values in orthoclase from 
Ashley and Andrew's (1989) study with those obtained herein, there is a peak in Th values between 
305° and 330°C with a mean of 310°C (Fig. 19a). 
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Homogenization temperatures of primary type 1 fluid inclusions in stage 3 quartz range from 
204.5° to 379.4°C (mean= 279.0°C, n = 49) whereas secondary type 1 fluid inclusions range from 
259.9° to 277 .1°C (n = 5). Primary type 2 inclusions in quartz, found near type 1 and type 3 
inclusions, had not homogenized into the vapor phase by 3 l 5°C except for one datum from sample 
OOTV-89F (Fig. 17F). Two primary type 3 fluid inclusions in one sample of quartz, revealed Th 
values of205.4° and 210.4°C. Values of Th collected from primary and secondary type 1 fluid 
inclusions in quartz by Ashley and Andrew (1989) show ranges from 239° to 374°C (mean= 309.0°C; 
n = 29) and 115° to 205°C (n = 5), respectively. When Th data obtained in the present study are 
combined with those of Ashley and Andrew (1989), a peak of Th values occur at 280°-305°C with a 
mean Th of 294.0°C. If the data from the Davui lode, which is located 1 km from the main lodes in 
the Tuvatu prospect, are excluded the mean Th = 302.1°C (Fig. 19b ). 
Values of Th data from primary and pseudosecondary type 1 fluid inclusions in stage 4 
sphalerite range from 100.2° to 323.7°C (n = 106) with a mean of 259.0°C. Secondary type 1 fluid 
inclusions in sphalerite range from 84.0° to 252.5°C (n = 19). If data from the main Tuvatu prospect 
are considered only, the mean Th is 256.8°C. However, ifTh data for stage 4 sphalerite from Davui 
and Nubunidike lodes are included with Tuvatu data, a bimodal distribution with a prominent peak at 
280°-305°C and a second peak at 230°-255°C is obtained (Fig. 19c). 
A limited number of measurements of type 1 fluid inclusions in adularia revealed T11 values 
ranging from 275.2° to 313.8°C (n = 5) for primary fluid inclusions and 236.4° to 303.9°C (n = 5) for 
secondary fluid inclusions (Fig. l 9d). Only one Th value of 315 .1°C was obtained on a primary type 
1 inclusion from stage 4 calcite (Fig. l 9d). 
Primary type 1 fluid inclusions and one secondary type 1 inclusion in one sample of fluorite 
homogenized to the liquid phase between 265.0° and 390.3°C (n = 14) and 347.4°C (Fig. 19d), 
respectively, whereas primary type 2 fluid inclusions had not homogenized by 4 71°C. 
Homogenization temperatures were unobtainable for type 3 fluid inclusions in fluorite. Fluorite is 
rare in the Tuvatu area and its paragenesis is unknown, although it is spatially associated but not 
intergrown with stage 5 gypsum. The high temperatures obtained here suggest that it may have 
formed during stages 2-4, rather than stage 5. 
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Eutectic temperatures (Te) for type 1 fluid inclusions in apatite, orthoclase, quartz, sphalerite, 
adularia, calcite, and fluorite are given in Table 10. Initial ice melting temperatures in type 1 fluid 
inclusions were often difficult to discern but in apatite and feldspar they range from approximately 
-50° to -21°C suggesting that these fluids contain a high proportion of CaClz in addition to other salts 
such as NaCl, KC!, and MgCiz. A similar range of Te (-50°C to -33°C) is exhibited for type 1 fluids in 
fluorite whereas higher values of Te (-35°C to -l 2°C) for type 1 fluid inclusions in quartz, sphalerite, 
calcite and adularia suggest a much lower proportion of dissolved CaC}i. 
Ashley and Andrew (1989) reported that type 3 fluid inclusions in late-magmatic stage apatite 
contained as many as six daughter minerals with salinities >50 wt percent NaCl equiv based on 
volume considerations. They also recorded two halite-bearing fluid inclusions in orthoclase with 
temperatures of halite dissolution at 3 l 7°C and 475°C, which correspond to salinities of 
approximately 37 and 54 wt percent NaCl equiv. Halite dissolution in one primary type 3 fluid 
inclusion in apatite, in the present study, occurred at 443.6°C, which corresponds to a salinity of 52.5 
wt percent NaCl equiv whereas freezing point depressions of aqueous fluids in primary and 
pseudosecondary type 1 fluid inclusions exhibited salinities between 9.0 and 23.1 wt percent NaCl 
equiv (n = 5). Seven type 1 fluid inclusions in orthoclase exhibited salinities of 6.9 to 22.6 wt percent 
NaCl equiv and are similar to salinities determined from fluid inclusions in orthoclase of 5.4 to 15.1 
wt percent NaCl equiv (n = 8), which were obtained by Ashley and Andrew (1989). Melting of 
daughter minerals in type 3 orthoclase fluid inclusions indicate salinities of 29.2 to 40.9 wt percent 
NaCl equiv (n = 4). Apart from halite, sylvite, and calcium chloride, as based on optical properties 
and crystal morphology, these fluid inclusions also contain hematite and possibly chalcopyrite. 
Ashley and Andrew (1989) also reported that two halite crystals in type 3 fluid inclusions in 
orthoclase had only partially dissolved by 390°C, implying salinities of at least 40 wt percent NaCl 
equiv. 
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Salinities based on freezing point depressions were obtained on type 1 fluid inclusions in 
apatite, orthoclase, quartz, sphalerite, adularia, calcite and fluorite samples using the method of 
Bodnar and Vityk (1994) (Fig. 20). Freezing point depressions of primary type 1 fluid inclusions in 
stage 3 quartz yielded salinities of 0.7 to 10.1 wt percent NaCl equiv (mean= 5.4 ± 2.1 wt percent 
NaCl equiv; n = 41) whereas salinities of secondary fluid inclusions ranged from 7.7 to 9.0 wt percent 
NaCl equiv (n = 3). By comparison, Ashley and Andrew (1989) recorded three salinity 
measurements for primary and secondary type 1 fluid inclusions of 4.5 to 12.1 wt percent NaCl equiv 
and 2.4 wt percent NaCl equiv, respectively. Melting of halite in two primary type 3 fluid inclusions 
in quartz from sample OOTV-89F (UR6 vein) yielded salinities of 36.6 wt percent NaCl equiv and 
36.8 wt percent NaCl equiv. The vapor bubbles in these fluid inclusions homogenized at 205.9°C and 
210.4°C, which are lower than the halite melting temperatures, indicating that these fluids were 
saturated in salts. Stage 3 quartz in sample OOTV-94F (UR7 vein) contains type 3 fluid inclusions 
with 4 daughter crystals, including halite, sylvite, and hematite. These daughter crystals had not 
dissolved by 400°C and indicate salinities in excess of 50 wt percent NaCl equiv. 
Salinities based on freezing point depressions of primary and pseudosecondary type 1 fluid 
inclusions in stage 4 sphalerite range from 2.1 to 15.6 wt percent NaCl equiv (mean= 8.6 ± 3.0 wt 
percent NaCl equiv; n = 89) whereas those obtained from secondary fluid inclusions range between 
0.0 and 8.8 wt percent NaCl equiv (n = 15). Four freezing point depression measurements in primary 
type 1 fluid inclusions in stage 4 adularia range between 4.3 and 8.3 wt percent NaCl equiv whereas 
one secondary type 1 fluid inclusion yielded a salinity of 0 wt percent NaCl equiv. One primary type 
1 fluid inclusion in calcite also showed a salinity of 0 wt percent NaCl equiv. Ten freezing point 
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depression measurements of primary type 1 fluid inclusions in fluorite revealed salinities between 1. 7 
and 21.1 wt percent NaCl equiv. No clathrates were identified in any of the fluid inclusion samples 
analyzed. 
Figure 21 summarizes salinity-Th relationships of fluid inclusions in porphyry (stages 1 and 
2) and epithermal stages of mineralization. There appears to be a gradual increase in salinity with Th 
until about 260°C for type 1 fluid inclusions in sphalerite whereas there appears to be no other 
discernible relationship for fluid inclusions in other minerals. Some fluid inclusions in apatite and 
orthoclase had not homogenized or halite had not completely dissolved by 400° and 4 71°C, 
respectively. For these inclusions neither the vapor bubble nor the halite crystal had changed size 
from that observed at room temperature. 
Pressure correction 
The estimated overburden thickness at the time of formation of the magmatic-epithermal 
system is unknown. However, coexisting type 1, 2, 3, and 4 fluid inclusions in apatite, orthoclase, 
and quartz in stages 1, 2, and 3, respectively, suggest that no pressure correction is required for these 
stages since these inclusions formed along the two-phase liquid vapor boundary. The increasing 
proportion of type 1 fluid inclusions to types 2 and 3 fluid inclusions in stage 3 quartz relative to that 
found in stage 1 apatite and stage 2 orthoclase plus the observation that types 2 and 3 fluid inclusions 
are absent in stage 4 suggest a change from boiling to non-boiling conditions late during stage 3 and 
during the onset of stage 4, the phyllic gold-bearing stage. Since type 1 fluids in sphalerite were not 
boiling during the time of entrapment, the homogenization temperature only provides a minimum 
pressure of entrapment utilizing the data of Haas (1971 ). Using a mean value of Th of 257°C and 
about 8 equiv wt percent NaCl for type 1 fluid inclusions in stage 4 sphalerite yields a minimum 
depth of approximately 450 m, which equates to a minimum pressure of about 38 bars. However, a 
more realistic estimate using the range of combined Th (100.2° to 323.7°C) and salinity values (2.1 to 
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15 .6 equiv wt % NaCl) for type 1 fluid inclusions suggests a range of minimum pressures of 1 to I 07 
bars. 
Stable Isotope Studies 
Ashley and Andrew (1989) reported oxygen isotope values (8 180H2o) for stage 2 fluids of 5.9 
to 10.6 per mil (n = 8) using five samples of orthoclase, muscovite, biotite, and quartz (calculated at 
310°C). Based on three samples of their stage 3 quartz, 8180H2o values of 5.7 to 8.0 per mil (n = 4) at 
210°C were obtained. This temperature was obtained from secondary fluid inclusions in stage 2 
quartz. However, such an interpretation is equivocal because these fluid inclusions may have fonned 
during later stages. Based on 8 180H2o values of stage 2 and possible stage 3 fluids, Ashley and 
Andrew (1989) concluded that the ore-fonning fluids were magmatic. However, without 
corresponding hydrogen isotopes from the same minerals (or fluids) the origin of the ore fluid is 
equivocal as contributions of other fluids, including meteoric fluids, may be significant. The 
proposed range of isotope values (5.6 to 10.6%0) could be interpreted as being entirely meteoric in 
origin if hydrogen isotope values (if measured) were isotopically heavy. 
For the present study, silicate, oxide, and sulfide samples were collected from drillcore and 
underground localities for oxygen, hydrogen, and sulfur isotope analyses. Sulfide separates were 
cryogenically converted to S02 by combustion with vanadium pentoxide, utilizing the method 
described by Yanagisawa and Sakai (1983 ). Data are reported in standard 8 notation relative to the 
Cafion Diablo Troilite standard and all samples were analyzed with a Finnigan-MAT 252 mass 
spectrometer at the University of Georgia. The precision for all analyses is ±0. l per mil. Silicate and 
oxide samples were isotopically analyzed for oxygen using the BrF5 extraction technique described 
by Clayton and Mayeda ( 1963 ). The hydrogen isotope analyses of phlogopite were detennined by 
implementing a similar procedure described by Vennemann and O'Neil ( 1993 ), where a Zn reagent is 
used for the quantitative conversion of H20 to H2• Both the oxygen and hydrogen samples were 
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analyzed with a Finnigan-MAT 252 stable isotope ratio mass spectrometer at Indiana University and 
their isotopic ratios are reported in the standard 8 notation relative to SMOW. The analytical 
precision for 8180 is ±0.05 per mil and ±1 per mil for 8D. 
Oxygen and hydrogen isotopes 
Sixteen oxygen isotope analyses were obtained from coarse magnetite, zoned-phlogopite and 
orthoclase from stage 2, stage 3 vein quartz, and stage 4 chalcedony. Two of the coarse orthoclase 
samples were also used in the fluid inclusion study for Th determinations. The oxygen isotope values 
derived from the present study are combined with twelve oxygen isotope analyses obtained by Ashley 
and Andrew (1989) (Fig. 22; Table 11). Using the paragenetic sequence identified herein, the 
orthoclase, biotite, and magnetite analyzed by them are considered to be stage 2 whereas muscovite 
and quartz is from stage 3. Values of 8D were derived from four coarse zoned-phlogopites in the 
present study. 
Values of 8180 for six stage 2 orthoclases range from 8.4 to 14.2 per mil (mean= 11.2 ± 
1.9%0). The coarse orthoclase samples collected here were from potassic alteration in the Tuvatu and 
H lodes. Using an average trapping temperature of 310°C from fluid inclusions in stage 2 orthoclase 
and the feldspar-water equation of Zheng (1993a), the calculated 8 180 composition of water in 
equilibrium with orthoclase ranges from 4.4 to 10.2 per mil. Six phlogopite samples revealed 8180 
values of 5.4 to 8.7 per mil (mean= 6.7 ± l .4%0), which yield 8180 values of water in equilibrium 
with phlogopite of 6.5 to 9.8 per mil at 310°C utilizing the phlogopite-water equation of Zheng 
(1993b). A range of 8D values of-83 to -67 per mil (mean= -76.8 ± 7.1 o/oo) were obtained on four 
phlogopite (Mg:Fe ratio of 4.4/1.5) samples. Utilizing the phlogopite-water equation of Suzuoki and 
Epstein (1976), the 8D values of water in equilibrium with phlogopite are -25.9 to -9.9 per mil at 
310° C (Table 11). Three magnetite samples exhibit 8 180 values of3.5 to 3.9 per mil (mean= 3.7 
± 0.2o/oo). Applying the magnetite-water equation ofBottinga and Javoy (1973), the calculated 8180 
values of water in equilibrium with magnetite is 6. 9 to 7.3 per mil at 310°. One 8180 value of 9 per 
mil of stage 3 muscovite from Ashley and Andrew's (1989) study yielded a value of7.5 per mil at 
300°C, using the muscovite-water equation of Zheng (1993b). 
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Values of 8180 of stage 3 quartz range from 12.8 to 14.7 per mil (mean= 13.9 ± 0.9o/oo; n = 
3). Calculated values of 8180 of the fluid in equilibrium with quartz are 5.9 to 7.8 per mil utilizing 
the quartz-water equation ofMatsuhisa et al. (1979) at 300°C. Quartz from stage 4 forms fine-
grained druses in cavities, is colloform, or chalcedonic. It exhibits heavier values of 8180 (16.4 to 
20.1 o/oo; mean = 18.1 ± 1.1 %0; n = 9) compared to stage 3 quartz. However, due to the lack of fluid 
inclusions in stage 4 quartz and the intimate intergrowths between stage 4 quartz and stage 4 
sphalerite, the fluid in equilibrium with stage 4 quartz were calculated at the mean Th (257°C) for 
sphalerite. Values of 8180tt2o at 7.8 to 11.5 per mil for stage 4 quartz overlap those obtained for stage 
3 quartz. Overall, the samples from the four stages contain calculated oxygen isotope values that 
range from 4.4 to 11.5 per mil (mean = 8.0 ± l .6o/oo; Fig. 22). 
Sulfur isotopes 
Forty-seven sulfur isotope analyses were obtained from stages 1, 2, 3, and 4 pyrite, and stage 
4 chalcopyrite, sphalerite, and galena in the Tuvatu area (including the Nubundike and Davui veins) 
(Fig. 23; Table 12). Stages 1, 2, 3, and 4 pyrite from the Tuvatu area exhibit 834S values of -5.8 to 
-3.2 per mil (n = 5), -5.2 to -5.1 per mil (n =2), -10.7 to -4.6 per mil (n = 5), and -11.7 to -4.2 per mil 
(n = 15), respectively, whereas values of 834S for stage 4 chalcopyrite, sphalerite, and galena are -11. 7 
to -5.7 per mil (n = 6), -13.l to -3.6 (n = 10), and -15.3 to -8.2 per mil (n = 4), respectively. Pyrite 
from Tuvatu and H lodes (834S = -5.8 to -3.2%0 (mean= -4.9 ± 0.9o/oo); n = 7) are from stages 1 and 2 
and are representative of porphyry-style mineralization whereas sulfides from epithermal 
mineralization range from -15.3 to -3.6 per mil (mean = -8.1 ± 2.6%o; n = 40). Of these samples, one 
sample each of stage 4 sphalerite and pyrite from the Nubundike vein yield o34S values of -4.1 and 
-8.6, respectively, whereas a single pyrite from the Davui vein gave a o34S value of -9.6 per mil. 
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Temperatures obtained from pyrite-galena and sphalerite-galena pairs (sample OOTV-5, H-
lode) are 330°C and 244°C, respectively, and a galena-chalcopyrite pair (sample 99TV-37b, URI) is 
108°C. The temperature obtained from the sphalerite-galena geothermometer is close to the mean 
temperature of 257°C obtained from type 4 primary fluid inclusions in sphalerite. 
Discussion 
Source of the ore-forming fluids 
Paragenetic studies support the concept of five stages of sulfide deposition, with the first four 
exhibiting distinctive but overlapping fluid inclusion characteristics. It is apparent from the combined 
fluid inclusion studies of Ashley and Andrew (1989) and the present study that the nature of the ore-
forming fluid changed in time along a continuum of hydrothermal events. Stage 1 late-magmatic 
boiling, hypersaline (>50 wt% NaCl equiv) fluids, formed over a wide range of temperatures (276° to 
> 500°C), with most >450°C, and gave way to a lower temperature (- 310°C), variably saline fluid ( 5 
to >40 wt percent NaCl equiv) associated with stage 2 potassic alteration. Although ore-forming 
fluids are notably deficient in C02, traces of an unidentified immiscible organic fluid was at least 
present during stage 2. Fluid boiling accompanied stage 3 propylitic alteration and a further reduction 
in the temperature of the ore fluids to - 280°C and the salinity to between 1 and 10 wt percent NaCl 
equiv. However, rare localized zones of boiling in stage 3 quartz were associated with salinities of up 
to 37 wt percent NaCl equiv. Stage 3 represents a transition stage from late porphyry-style 
mineralization to epithermal conditions developed during stage 4. Further cooling took place during 
the onset of stage 4 with deposition of base metals and precious metal tellurides from a non-boiling, 
moderately saline fluid (- 8 wt% NaCl equiv) between about 330° to 80°C (mean= 259°C). The 
pressure correction to stage 4 fluids was likely small ( < 10°C) with hydrostatic conditions persisting 
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through stages I to 3 until lithostatic conditions dominated during stage 4. The coexistence of 
sylvanite and petzite in stage 4 suggests a maximum temperature of l 70°C for the formation of these 
tellurides, which is consistent with the proposed reduction in temperature during the waning stages of 
hydrothermal activity. 
Oxygen isotope compositions for water in equilibrium with stage 2 orthoclase, magnetite, and 
phlogopite, and stage 3 muscovite and quartz range from 4.4 to 10.2 per mil (mean= 7.3 ± 1.4%0) 
whereas values of 8180 for water in equilibrium with stage 4 quartz range from 7.8 to 11.5 per mil 
(mean= 9.5 ±I.I %0). Although there is an increase in the mean of the data of 2.2 per mil going from 
stage 2 and 3 fluids to stage 4 fluids, the standard deviations are high enough to suggest that there is 
no statistical difference among stage 2, 3, and 4 fluids. Not only do waters in equilibrium with stage 
2 phlogopite in the Tuvatu prospect overlap with waters from the arc magmas and subduction-related 
volcanic vapor boxes ofHedenquist and Lowenstern (1994), they also overlap with 8 180 (3.0 to 
7.0o/oo) and 80 (-58 to -IOo/oo) values of fluid inclusion waters extracted from stages II, III, and IV 
quartz from the nearby Emperor deposit (Ahmad et al., 1987) (Fig. 24). Ahmad et al. (1987) 
proposed that oxygen and hydrogen isotope data have affinities with magmatic, seawater, and 
possibly meteoric waters; however, Begg (1996) refuted the involvement of seawater in either the 
Emperor porphyry hydrothermal or epithermal systems and proposed that the hydrothermal fluids 
were largely derived from a degassed magmatic source with probable contributions from circulating 
meteoric waters in varying degrees of partial isotopic equilibrium with local volcanic rocks. 
Similarly, oxygen and hydrogen isotope compositions ofTuvatu fluids are consistent with a 
magmatic source with possible meteoric contributions. Although a seawater component cannot be 
ruled out, it is not required to explain the isotopic compositions. 
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Sources of sulfur and metals, and composition of the hydrothermal fluids 
Sedimentary rocks are not present in the immediate vicinity of the Tuvatu prospect, but the 
Nadele Breccia, 2km southwest ofTuvatu, contains minor siltstone, sandstone, and limestone (Colley 
and Flint, 1995). However, these rocks are devoid of sulfides and are unlikely to have contributed 
sulfur or other metals to the ore-forming system at Tuvatu. The spatial association of porphyry Cu 
mineralization (Kingston prospect) and gold-telluride mineralization (Tuvatu and Banana Creek 
prospects) to the Navilawa Monzonite makes it the most likely source of sulfur and metals. Such a 
proposal is consistent with the sulfur isotope composition of sulfides (o34S = -5 .8 to -3 .2%o; mean = 
-4.9o/oo) of stages 1 and 2 porphyry-style mineralization, which overlaps the range of 0 ± 5 per mil 
normally ascribed to magmatic sulfur values (Ohmoto, 1986) and that associated with an early 
porphyry-style event (o34S = -5.5 to 6.5o/oo) from typical porphyry copper deposits (Richards and 
Kerrich, 1993). In contrast to stages 1 and 2 porphyry-style mineralization, values of o34S for sulfides 
from stages 3 and 4 range from -15 .3 to -3 .6 per mil (mean = -8. l o/oo ). Early and late stage sulfur 
isotope values overlap and support the concept of a hydrothermal continuum between the porphyry 
and epithermal stages of mineralization (Fig. 23 ). In the absence of an input of sedimentary sulfur to 
the ore system, the light o34S values in the Tuvatu ore system was probably a result of boiling, which 
causes a loss ofH2S to the vapor phase and a concomitant increase in LS04/LH2S. The lighter sulfur 
isotope compositions for the epithermal stage compared to the porphyry magmatic stage is due to a 
shift to higher.f02 conditions, as reflected by the assemblages in the system Fe-S-0. The assemblage 
pyrite-magnetite predominates in the porphyry stage whereas pyrite-hematite is more common in the 
epithermal stage. Note also that chlorite in stage 3 gives way to hematite in stage 4 and reflects a 
change to higher .f02 conditions. 
Using a temperature of250°C to approximate conditions of stage 4, values of pH and.f02 for 
the auriferous stage 4 veins can be estimated. The following conditions have been applied: an ionic 
content of approximately 1 based on fluid inclusion studies herein; a conservative estimate of total 
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dissolved sulfur concentration (~S) = 0.01 m, which is appropriate for hydrothermal base and 
precious metal fluids (Ohmoto, 1972, 1986; Barnes, 1979); and a value of 834S~s of 0 per mil 
(assuming magmatic fluids as suggested by the oxygen and hydrogen isotopes). These conditions are 
constrained by the presence of hematite inclusions within pyrite, adularia coexisting with quartz and 
sericite in and adjacent to epithermal veins, and hematite forming after chlorite. Ranges of log.f02 = 
-36.8 to -34.0 and pH= 5.5 to 6.5 are obtained for the epithermal gold-bearing stage, shown in the 
hachured area in Figure 25, which overlap the range of sulfur isotope values obtained for epithermal 
sulfides. 
Although it is generally more common for gold-rich tellurides to form prior to silver-rich 
tellurides in epithermal precious metal deposits (e.g., Bessie G (Saunders and May, 1986); Emperor 
(Ahmad et al., 1987); Golden Sunlight (Spry et al., 1997)), there are exceptions (e.g., Acupan (Cooke 
and McPhail, 2001)). Tellurides precipitate over a wide range of conditions and based on the 
experimental studies of Cabri ( 1965) the assemblages petzite-sylvanite and petzite-sylvanite-hessite, 
which have been identified at the Tuvatu prospect, are unstable at temperatures > l 70°C. Given that 
calaverite is intergrown with sphalerite, the stability of calaverite and non-precious metal tellurides 
are plotted in log.fS2-logff e2 space at 250°C (derived from approximate temperature of formation of 
stage 4 sphalerite; Fig. 26). Stability limits of log.fS2 (-13 .27 to -11.30) and logff e2 (-12.87 and 
-7 .81) are based on equilibrium assemblages involving pyrite, calaverite, native gold, coloradoite, 
galena, and altaite, and the range of compositions of sphalerite (mole % FeS) in equilibrium with 
pyrite, as given by Barton and Skinner ( 1979). Despite the absence of paragenetic studies showing 
that gold-rich telluride (calaverite and krennerite) assemblages are crosscut by silver-rich telluride 
(petzite, sylvanite, hessite, and stiitzite) assemblages, thermal considerations suggest that gold-rich 
assemblages probably formed earlier, at slightly higher temperatures, than the silver-rich 
assemblages. 
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Although Au contents of intrusive and extrusive rocks in the Tuvatu area are lacking, Ag, V 
and Te data are available. Geochemical studies of the Navilawa Monzonite (this study) and its 
extrusive equivalent, the Sabeto Volcanics (Gill and Whelan, 1989), exhibit V contents of 280-387 
ppm V (mean= 317 ppm V) and 292-355 ppm V (mean= 329 ppm V), respectively, whereas basaltic 
andesite dikes which crosscut the Navilawa Monzonite, but predate hydrothermal mineralization, 
contain 235-465 ppm V (mean = 356 ppm V). These V contents are comparable to those of intrusives 
and extrusives spatially related to other porphyry-epithermal systems, such as the Emperor deposit, 
Fiji (146-259 ppm V; mean= 204 ppm V (Rogers and Setterfield, 1994)), the Gies deposit, Montana 
{11-208 ppm V; mean= 91 ppm V (Zhang and Spry, 1994)), and the Porgera deposit, Papua New 
Guinea (197-338 ppm V; mean= 259 ppm V (Richards, 1990)) where roscoelite is present in the ore-
forming stage. At Tuvatu, magnetite and phlogopite grains contain up to 0.69 wt percent and up to 
0.49 wt percent V20 3, respectively, and are the likely hosts for vanadium. Similar compositions have 
been reported for magnetite from alkaline intrusives intimately associated with the Golden Sunlight 
(Zhang and Spry, 1994) and Porgera (Richards, 1990) deposits. The Navilawa Monzonite contains 
0.02-0.65 ppm Te (mean= 0.11 ppm Te) and up to 2.5 ppm Ag whereas basaltic andesite dikes 
contain 0.02-1.17 ppm Te (mean= 0.28 ppm Te) and up to 2.8 ppm Ag. These Ag, V, and Te 
contents are high enough to account for the Ag, Te, and V budget of the Tuvatu prospect. 
Comparison between the Tuvatu and Emperor ore systems 
Gold reserves for the Tuvatu and the Emperor gold deposit are different by over an order of 
magnitude but they share a considerable number of geological, geochemical, and geophysical 
similarities. These similarities suggest a common origin for the two mineralizing systems as both: 
1. Are associated with prominent regional scale gravity anomalies along the Viti Levu 
lineament. The Emperor deposit occurs along the margins of the Tavua volcano whereas 
the Tuvatu deposit is also thought to occur adjacent to an eroded shoshonite volcano 
(Colley and Flint, 1995). 
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2. Are spatially related to monzonite intrusive and extrusive rocks of shoshonitic affinity of 
almost identical age (-5.2 to 4.6 Ma) and compositions. Spider diagrams and REE plots 
of shoshonites from the Tuvatu and Emperor deposits produce the same patterns (Fig. 
10). 
3. Show an overprint of a low-grade porphyry Cu system by epithermal gold-telluride 
mineralization in flatmakes, steep faults, shatter zones, stockworks, and hydrothermal 
breccias. 
4. Show similar alteration styles, pyrite morphologies (some with high As contents), 
paragenetic sequences, and telluride mineralogy. 
5. Were deposited from boiling moderately saline fluids that progressively cooled from 
early to late stages, and which culminated with the deposition of tellurides at 
approximately 250°C. The precipitation of gold-rich tellurides likely preceded the 
deposition of silver-rich tellurides in both deposits. 
6. Are characterized by the association Au-Ag-Te-V in which precious metal tellurides are 
intergrown with vanadium minerals. At Emperor and Tuvatu, calaverite is intergrown 
with roscoelite but it is also intergrown with karelianite, nolanite, schreyerite, vanadian 
rutile, and an unnamed vanadian silicate (VSi03) in the Tuvatu deposit. 
7. Exhibit similar oxygen, hydrogen, and sulfur isotope compositions. Oxygen and 
hydrogen isotope compositions of Emperor and Tuvatu ore fluids both overlap waters 
from arc magmas and subduction-related volcanic vapors. Ahmad et al. ( 1987) reported 
values of 834S of nine pyrites and one galena from early to late hydrothermal stages at 
Emperor of -15.3 to -4.2 per mil and indicated that the isotopic compositions became 
lighter with time. Begg (1996) complemented Ahmad et al. 's study by obtaining values 
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of 8348 of -6.5 to 3.9 per mil from porphyry stage sulfides and -20.0 to -0.9 per mil from 
epithermal stage sulfides. A broad range of sulfur isotope compositions of sulfides from 
Tuvatu (-15 .3 to -3 .2%o) is within the range of compositions exhibited by Emperor 
sulfides. The source of sulfur for sulfides in the Tuvatu deposit is most likely the 
Navilawa Monzonite. Local monzonitic stocks were also proposed to be the source of 
sulfur for the Emperor deposit (Eaton and Setterfield, 1993; Begg, 1996). 
Genetic model for mineralization 
The Tuvatu ore system is one of the three largest gold systems in Fiji, the other two are the 
Emperor (Ahmad et al., 1987; Begg, 1996) and Mt. Kasi (Turner, 1986) deposits. All three are Late 
Miocene-Early Pliocene alkaline igneous rock related gold systems spatially associated with the Viti 
Levu lineament. Monzonites and shoshonitic lavas adjacent to the Tuvatu deposit were erupted 
during the early stages of the break-up of the Vanuatu-Fiji-Tonga arc. At Tuvatu, the emplacement of 
the Navilawa Monzonite was related to north-south compression along the Viti Levu lineament (A-
Izzeddin, 1998). The composition of the Navilawa Monzonite has low Ti02 (0.5-8 wt% Ti02) and 
high field strength element (e.g., 0.01 ppm Ta) abundances and very high large ion lithophile/high 
field strength element ratios, which are similar to shoshonites in the Tavua volcano and to 
subduction-related volcanics elsewhere. The major element concentrations and the slight enrichment 
in the light rare earth elements relative to the high rare earth elements is consistent with the Navilawa 
Monzonite forming by high degrees of partial melting. Basaltic andesite dikes, which crosscut the 
Navilawa Monzonite, possess markedly different major and trace element compositions to the 
Navilawa Monzonite and were not likely to have been derived from the same source. In places, the 
hydrothermal vein system exploits zones of weakness along the margins of these dikes but they are 
not considered to be the source of the ore-forming fluid. 
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The ore system, which was related to the emplacement of the Navilawa Monzonite in concert 
with movement along the Viti Levu lineament, formed as a series of sub-vertical N-S and NNE-SSW 
trending veins and shallow south-dipping flatmakes primarily in the Navilawa Monzonite. Early 
porphyry copper-style mineralization in the Tuvatu and H lodes is associated with potassic alteration 
but is overprinted by propylitic and phyllic alteration. Native gold and precious metal tellurides not 
only occur in the stage 4 phyllic alteration ofTuvatu and H lodes but they occur in a series of 
epithermal veins unrelated to earlier pegmatitic potassic alteration zones. 
Sulfur, oxygen, and hydrogen isotope and fluid inclusion studies are consistent with a 
magmatic origin to the ore fluids but are permissive of addition of a meteoric water component. Fluid 
inclusion studies suggest that early low-grade porphyry copper mineralization precipitated from 
boiling, highly saline, (>50 wt % NaCl equiv) C02-poor fluids at temperatures mostly in excess of 
400°C. Minor amounts of native gold first appeared during stage 3 accompanied by propylitic 
alteration. The gold-bearing stage 3 fluids were considerably cooler (- 300°C), intermittently boiling 
and generally less saline than the porphyry stage. A cooler (-250°C) and more dilute (2 to 16 wt% 
NaCl equiv) fluid followed and resulted in the deposition of stage 4 gold mineralization. Although 
native gold continued to be deposited during stage 4, most of the gold was precipitated as precious 
metal tellurides with a minor amount as "invisible" gold in arsenian pyrite. Sphalerite, chalcopyrite, 
galena, altaite, and coloradoite accompanied the deposition of precious metal tellurides along with 
various vanadium silicates and oxides. 
Thermodynamic modeling by Cooke and McPhail (2001) predict that tellurium species, Te2 
and H2 Te, are carried in the vapor phase and then condense to react with aqueous gold-bearing species 
Au(HS)2- or Au(HS). Transportation of tellurium species in the vapor phase is supported by the 
observations of Larocque et al. (1997) who reported the presence of calaverite in vesicles in pumice 
from Volcan Popocatepetl, Mexico. However, it is unclear whether aqueous telluro-gold species such 
as Au(Te2r, Au2(Te2) 0, and Au(Te2)/ (Seward, 1973) or Au(HTe)2- (Cooke and McPhail, 2001) were 
precursor complexes to gold-rich tellurides in the Tuvatu deposit. Nevertheless, calculations show 
that tellurides in stage 4 veins precipitated at approximately 250°C, from near neutral fluids (pH = 
5.5 to 6.5) at log.f02 = -36.8 to -34.0, logjS2 = -13.27 to -11.30, and logffe2 = -12.87 to -7.81. 
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It is speculated that most of the ore-forming components (Au, Ag, Te, V, S, Cu, Pb, Zn, As, 
etc.) were derived from the Navilawa stock given its spatial relationship to the hydrothermal 
mineralization and the absence of sediments in the immediate vicinity of the ore zones. Although the 
presence of trace amounts of an organic fluid and some of the light sulfur isotope compositions might 
support the concept that some of the ore-forming components may have had a sedimentary source, 
organics in igneous rocks have been reported elsewhere (e.g., Illimaussaq intrusion, Konnerup-
Madsen et al., 1979). The light sulfur isotope compositions are likely the result of an increase in the 
~SOi~H2S in the ore fluid as a result of boiling near the chlorite-hematite buffer at near neutral pH. 
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FIG. 1. Map showing the regional tectonic setting and the location of the Fiji Islands 
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FIG. 2. Geology of Viti Levu, Fiji (modified after Begg, 1996; Rodda, 1967). Shows the 
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FIG. 4. A. Transmitted light (cross polarized) photomicrograph of a typical micromonzonite 
consisting of a lath-like zoned plagioclase matrix with clinopyroxene phenocrysts. B. Transmitted 
light (cross polarized) photomicrograph of a weakly altered monzonite consisting of hornblende and 
phlogopite within coarse-grained plagioclase. C. Transmitted light (cross-polarized) 
photomicrograph of a basaltic-andesite dominated by zoned plagioclase. The opaque minerals in 
photos A, B and C are mainly magnetite with minor pyrite. D. Reflected light (plane polarized) 
image of pyrite (p) along the octahedral cleavage of magnetite and in the embayed ends of phlogopite 
(b) in Tuvatu lode. E. Transmitted light (plane polarized) image of zoned phlogopite in chlorite-
quartz vein in Murau 1 lode. The light zones represent areas of high Mg-F content whereas dark 
zones represent areas of high Fe-Ti content. F. Reflected light (plane polarized) image of native gold 
(G) and bladed pyrite that was subsequently infilled with marcasite (m) in quartz-roscoelite vein in 
Nasivi SKL lode. G. Reflected light (plane polarized) image of an anhedral tennantite (t) grain with 
inclusions of chalcopyrite (C) and calaverite (c) in quartz vein in Nasivi SKL. H. Reflected light 
(plane polarized) image of euhedral galena (g) with inclusions of petzite (pz), hessite (h), sylvanite 
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FIG. 6. Harker diagrams showing negative correlations in Ti02, CaO, and Fe203 versus Si02 
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FIG. 7. AFM diagram of the coarse (open circle) and micro (solid circle) Navilawa 











FIG. 8. Discrimination diagram using Ti, Zr, and Y values from Navilawa Monzonite (open 
circle) and micromonzonite (solid circle), and basaltic-andesite dikes (cross). Fields A, B, C, and D 
are defined by Pearce and Cann (1973), where V AB= volcanic arc basalt, MORB =mid-ocean ridge 
basalt, and WPB = within plate basalt. 
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FIG. 9. Chondrite-normalized REE patterns of the Navilawa Monzonite and basaltic-andesite 
dikes from the Tuvatu prospect. Normalization values are from Anders and Grevasse (1989) and 
multiplied by 1.36 to maintain consistency with the older ordinary chondrite normalization values. 
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FIG. 10. Mantle-normalized trace element patterns for Navilawa Monzonite and basaltic-
andesite dikes from the Tuvatu prospect. Data from the Tavua shoshonites and monzonites are from 
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FIG. 11. Plan view of the Tuvatu prospect lode structures (modified from Emperor Gold 
Mining Company). 
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FIG. 12. Paragenetic sequence for the mineralogy of the Tuvatu prospect (derived from 
Scherbarth and Spry, 2000; Pander, 2000; Hatcher, 1998; A-Izzeddin, 1998; Corlett and Merchant, 
1996; Zhang and Merchant, 1996; Ashley and Andrew, 1989). 
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FIG. 13. Electron probe microanalyses (EPMA) of arsenic and sulfur elemental weight 
percent values of pyrite in various lodes within the Tuvatu prospect. 
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FIG. 14. Chemical variation of galena in various lodes within the Tuvatu prospect as a 
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FIG. 15. Chemical variation of tetrahedrite group minerals as a function ofFe/(Fe+Cu+Zn) 
versus As/(As+Sb+Se) in various lodes within the Tuvatu prospect. 
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FIG. 16. Gold fineness ranges for the Tuvatu prospect compared with typical porphyry and 
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FIG. 17. Reflected and transmitted light photomicrographs. A. Galena (g) associated with 
altaite (a) and native gold (G), (sample 99TV38a, URW3 lode). B. Coloradoite (co) with native gold 
and coexisting with calaverite (c) and petzite (pz) in roscoelite vein (sample 99TV38a). C. Type 1 
primary fluid inclusions and type 3 primary fluid inclusion with halite (H) cube in stage 1 apatite 
(sample 99TV Ap-a, Tuvatu lode). D. Primary type 3 inclusion with at least four daughter crystals 
(DC) and a liquid hydrocarbon (HC) in stage 2 orthoclase (sample OOTV12F, Tuvatu lode). E. 
Primary type 1 fluid inclusions coexisting with primary type 3 fluid inclusions, which contain 
hematite (Hm), chalcopyrite (C), halite, and at least one other daughter crystal in stage 3 quartz 
(sample OOTV94F, UR? lode). F. Primary type 2 vapor (V)-rich inclusions in stage 3 quartz (sample 
OOTV89F, UR6 lode). G. Primary type l liquid (L)-rich inclusion in stage 4 sphalerite (sample 
OOTV68F, UR2 lode). 
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FIG. 18. Mineralogical compositions of phases in the system Au-Ag-Te at the Tuvatu 
prospect (solid circle) compared to theoretical compositions (open circle; Cabri, 1965). Tie lines 
connect coexisting minerals found at Tuvatu. Abbreviations: Cal = calaverite, Kre = krennerite, Syl = 
sylvanite, Pet = petzite, Stut = stiltzite, Hess = hessite. 
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FIG. 19. Frequency diagrams of homogenization temperatures for primary (p ), 
pseudosecondary (ps), and secondary (s) type 1, type 2, and type 3 fluid inclusions from various 
minerals within the Tuvatu prospect. Temperatures represent measurements recorded from the 
present study and Ashley and Andrew's (1989) study. Shaded areas represent Nubunidike (Nub) and 
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FIG. 20. Frequency diagram of salinity for primary (p), pseudosecondary (ps), and secondary 
(s) type 1 and type 3 fluid inclusions from various minerals within the Tuvatu prospect. Shaded areas 
represent salinities measured from Nubunidike (Nub) and Davui (Dav) samples. 
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FIG. 21. Homogenization temperatures versus salinities of primary (p), pseudosecondary 
(ps), and secondary (s) type 1 and type 3 fluid inclusions from the porphyry and epithermal stage 
minerals. The arrows depict samples that had not completely homogenized or dissolved. The NaCl 
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FIG. 22. Histogram of oxygen isotope compositions of oxides and silicates representative of 
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FIG. 24. Plot of 8D vs. 8180 showing isotopic compositions of water in equilibrium with 
stage 2 phlogopite (solid circle) and 8180 of water in equilibrium with stage 2 orthoclase and 
magnetite, stage 3 muscovite and quartz, and stage 4 quartz and chalcedony, which overlap with 
waters from arc magmas and subduction-related vapor fields ofHedenquist and Lowenstern (1994). 
Histogram is that in Figure 22. Also shown for comparison are fluids in equilibrium with stage II, III, 
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FIG. 25. Log.fOz-pH diagram showing the approximate conditions (hachured area) of stage 4 
fluids relative to mineral stabilities in the systems Cu-Fe-S-0, K-Al-Si-0-H, and calcite at T = 250°C 
for o34SLs = 0 per mil, I= 1, ~S = O.Im, and mK+ = 0.01. Calcite stability field and the 834S contour 
lines were obtained from Alderton and Fallick (2000) and from Rye and Ohmoto (1972), repectively. 
All other stability fields for various minerals were obtained from Rye and Ohmoto (1974). 
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FIG. 26. Log.fS2 vs. logff e2 diagram showing the approximate conditions (shaded area) for 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TABLE 1. (Cont.2 
Sample 99TV5915 TUGC1 16 99TV51 17 99TV7718 99TV7819 99TV7920 99TV8021 99TV81 22 
Rock type mz mz b-a b-a b-a b-a b-a b-a 
Si02 (wt%) 46.81 52.10 51.35 50.04 52.83 50.74 51.19 50.03 
Ti02 0.82 0.51 2.84 1.25 1.44 1.23 1.20 1.06 
Alp3 17.01 18.11 16.59 16.46 16.66 16.00 15.30 14.40 
Fe20 3 9.55 5.76 10.08 9.37 11.62 10.10 13.47 11.52 
MnO 0.21 0.19 0.33 0.57 0.33 0.16 0.29 0.21 
MgO 3.52 2.32 3.33 4.40 3.53 4.16 5.16 5.94 
CaO 9.76 5.98 6.95 5.10 6.34 5.88 8.52 5.59 
Na20 2.90 3.10 3.83 3.65 4.51 3.28 3.07 4.95 
K20 3.61 6.84 0.78 4.26 0.52 0.46 0.51 1.21 
P20s 0.52 0.41 0.36 0.10 0.13 0.19 0.13 0.05 
Cr20 3 0.002 0.004 0.004 0.004 0.004 0.005 0.005 
LOI 4.7 4.19 3.4 4.6 1.7 7.4 0.9 4.7 
TOT/Cb 0.73 0.17 0.42 0.06 0.80 0.07 0.57 
TOT/Sb 0.16 0.62 2.70 0.24 0.16 0.05 0.01 
Total 99.49 99.51 99.86 99.83 99.63 99.61 99.76 99.68 
Mg# 0.46 0.48 0.44 0.52 0.41 0.49 0.47 0.55 
Ag(ppm) 1.9 2.2 1.6 1.6 1.9 2.5 2.8 
Sr(ppm) 1495.2 1792.0 404.2 330.3 359.3 253.3 232.7 325.5 
Ba(ppm) 632.0 776.4 89.0 195.0 76.0 22.0 28.0 22.0 
15DDH135, 173.8 m 19DDH183, 150.0 m 
16DDH16 (Hatcher, 1998) 20DDH187, 144.16 m 
17DDH130, 262.0 m 21DDH191, 323.70 m 
18DDH177, 289.0 m 22DDH172, 62.50 m 
Notes: Total carbon (TOT/C) and total sulfur (TOT/S) are not included in total; 
Mg#= Mg/(Mg+Fc2+) (Fe2+ = 0.85XFe10J; Au analyses <0.001 oz/ton 
Abbreviations: mmz = micromonzonite; mz = monzonite; b-a = basaltic-andesite 
TABLE 2. Trace Element Compositions ofNavilawa Monzonite and Basaltic-Andesite 
Dikes from the Tuvatu Prospect, Fiji 
Sample 99TV48 99TV49 99TV50 99TV52 99TV45 99TV46 99TV47 99TV53 99TV54 99TV55 
Rock type mmz 




































































































































































































































































































































































































































TABLE 2. (cont.) 





























































































































































































































































































































































































Abbreviations: mmz = micromonzonite; mz = monzonite; b-a = basaltic-andesite. 
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TABLE 3. Reeresentative Electron Microerobe Analyses ofBiotite 
1 2 
Element (wt % ) 
Si02 36.41 39.13 
Ti02 0.79 3.85 
Al20 3 19.40 13.65 
Cr20 3 0.04 0.00 
V203 0.49 0.10 
FeO 12.76 12.77 
MnO 0.19 0.61 
MgO 14.33 16.32 
ZnO 0.00 0.03 
Cao 0.05 0.08 
Na20 0.23 0.16 
K20 10.48 10.29 
F 0.88 1.19 
Cl 0.05 0.04 
Total 96.10 98.21 
Based on 22 0 atoms. 
Si 5.409 5.714 
Ti 0.088 0.423 
Al 3.397 2.349 
Cr 0.005 0.000 
v 0.058 0.012 
Fe 1.585 1.560 
Mn 0.024 0.075 
Mg 3.173 3.552 
Zn 0.000 0.003 
Ca 0.008 0.012 
Na 0.066 0.045 
K 1.987 1.917 
F 0.414 0.550 
Cl 0.014 0.010 
1 Phlogopite, SKL6 (OOTV-55) 




























































Jb ZonedPhlogopite (medium zone), URW2 (99TV-7) 
Jc Zoned Phlogopite (dark zone), URW2 (99TV-7) 
3b 3b 3c 
40.54 39.60 38.66 
2.01 2.17 2.73 
13.25 13.41 15.40 
0.03 0.03 0.07 
9.86 10.15 11.26 
0.19 0.23 0.15 
20.27 20.08 18.28 
0.05 0.16 0.00 
0.02 0.03 0.01 
0.00 0.00 0.00 
10.81 10.58 10.58 
1.72 0.00 0.75 
0.03 0.06 0.04 
98.78 96.54 97.94 
5.823 5.742 5.584 
0.217 0.237 0.297 
2.244 2.292 2.622 
0.004 0.003 0.008 
1.184 1.231 1.361 
0.023 0.028 O.Q18 
4.341 4.341 3.938 
0.006 0.017 0.000 
0.003 0.005 0.001 
0.000 0.000 0.000 
1.981 1.957 1.950 
0.780 4.852 0.343 






























TABLE 4. Representative Electron Microprobe Analyses ofRoscoelite and V-Bearing Oxides 
1 2 3 4 5 6 7 8 9 10 
Element (wt % ) 
Si02 46.93 
Ti02 0.00 
Al20 3 9.63 
Cr20 3 0.00 








































































































































Total 94.76 95.79 97.02 98.35 96.53 89.86 90.24 101.17 99.81 100.01 
















22 22 22 22 22 16 16 2 2 2 
6.822 7.361 6.820 6.700 6.759 0.010 0.027 0.007 0.011 0.002 
0.000 0.000 0.008 0.000 0.014 0.000 0.000 0.000 0.000 0.952 
1.649 0.996 1.262 1.319 2.079 0.091 0.110 0.000 0.000 0.002 
0.000 0.003 0.004 0.018 0.000 
3.195 3.209 3.478 3.715 2.765 
0.020 0.000 0.013 0.043 0.028 
0.010 0.010 0.006 0.000 0.007 
















0.000 0.001 0.003 0.006 0.000 0.000 0.000 0.003 0.001 0.000 
0.022 0.010 0.003 0.014 0.024 0.003 0.027 0.000 0.000 0.003 
0.031 0.011 0.125 0.008 0.000 0.000 0.049 0.000 0.000 0.001 
0.163 1.437 1.688 1.630 1.676 0.000 0.026 0.000 0.000 0.001 
0.255 0.000 0.123 0.000 0.188 0.104 0.023 0.022 0.000 0.000 
0.002 0.007 0.000 0.014 0.005 0.000 0.010 0.002 0.001 0.001 
1 Roscoelite, GRFl (OOTV-23F) 6 Nolanite, Nasivi Steep (99TV-68a) 
2 Roscoelite, SKL (PS99TV-69F) 
3 Roscoelite, SKL6 (OOTV-55) 
4 Roscoelite, Nasivi Steep (PS99TV-68F) 
5 Roscoelite, URW2 (99TV-7) 
7 Nolanite, Nasivi Steep (PS99TV-68F) 
8 Karelianite, Nasivi Steep (99TV-68a) 
9 Karelianite, Nasivi Steep (PS99TV-68F) 
10 Rutile, TUV2 (OOTV-4) 
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TABLE 5. Rem:esentative Electron MicroQrobe Analyses of Pvrite and Arsenopyrite 
1 2 
Element (wt % ) 
Fe 46.18 44.86 
Cu 0.00 0.00 
Zn 0.00 0.00 
As 0.00 3.44 
Se 0.96 0.60 
Ag 0.02 0.00 
Sb 0.00 0.13 
Te 0.00 0.06 
Au 0.28 0.00 
Hg 0.00 0.20 
Pb 0.34 0.27 
Bi 0.26 0.11 
s 53.77 50.83 
Total 101.81 100.50 
Based on three atoms. 
Fe 0.984 0.985 
Cu 0.000 0.000 
Zn 0.000 0.000 
As 0.000 0.056 
Se 0.014 0.009 
Ag 0.000 0.000 
Sb 0.000 0.001 
Te 0.000 0.001 
Au 0.002 0.000 
Hg 0.000 0.001 
Pb 0.002 0.002 
Bi 0.001 0.001 
s 1.996 1.944 
1 Coarse pyrite, Tuvatu (98FJ-33) 





























3 Bladed pyrite/marcasite, SKL (PS99TV-74) 





























5 Coarse pitted pyrite, Upper Ridges (98FJ-101) 
6 Bladed pyrite/marcasite, UR2 (99TV-13) 
7 Bladed pyrite, URWl (99TV-38a) 
8 Arsenopyrite, SKL (PS99TV-74) 
4 5 6 7 8 
47.12 46.86 45.92 44.89 35.64 
0.02 
0.07 









52.70 53.70 52.23 51.12 22.63 
100.94 101.08 99.68 99.17 100.98 
1.011 0.998 0.998 0.988 1.003 
0.000 
0.002 









1.971 1.993 1.977 1.960 1.109 
92 
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TABLE 6. SIMS Analyses of Submicrosco12ic Asi Au and Te Concentrations in Pyrite 
Location Stage SamEle P~ite Texture As {wt%) Au {EEm) Te (EEm) 
H 2 98FJ-l 15 anhedral 0.000 0.45 1.11 
H 2 98FJ-115 anhedral 0.000 0.44 1.13 
UR2 4 99TV-13 anhedral 0.001 0.37 2.71 
UR2 4 99TV-13 anhedral 0.000 0.31 0.78 
URW2 4 99TV-8 anhedral 0.295 30.50 30.10 
URW2 4 99TV-8 anhedral 0.052 29.40 3.52 
URW2 4 99TV-8 porous 1.273 51.00 57.90 
URW2 4 99TV-8 cubic 0.041 0.80 2.71 
URW2 4 99TV-8 sub to euhedral masses 0.347 87.60 102.00 
URW2 4 99TV-8 sub to euhedral masses 0.279 36.40 57.10 
URW2 4 99TV-8 sub to euhedral masses 0.091 20.60 31.20 
URW2 4 99TV-8 sub to euhedral masses 0.210 143.00 296.00 
TABLE 7. Res.12resentative Electron Micro12robe Analyses of Galena and Altaite 
Galena1 





















1 Nasivi SKL, 98FJ-74 
2 UR1, 99TV-37bl 
3 UR2, 99TV-13 
4 UR2, 99TV-26b 
5 UR4, 99TV-88 
6 URW1, 99TV-38a 
Altaite 1 Galena2 Galena3 
61.58 84.81 82.53 
0.00 0.00 0.00 
0.00 0.02 0.20 
0.00 0.01 0.10 
0.07 0.09 0.01 
0.11 0.42 0.26 
37.94 0.27 0.62 
0.88 0.63 6.89 
0.08 13.56 10.59 
100.66 99.80 101.21 
0.974 0.968 0.966 
0.000 0.000 0.000 
0.000 0.000 0.002 
0.000 0.000 0.004 
0.004 0.004 0.001 
0.002 0.005 0.003 
0.975 0.005 0.012 
0.037 0.019 0.212 
0.008 1.000 0.801 
Galena 4 Galena 4 Altaite4 Altaite5 Galena 6 
83.86 85.23 63.90 59.89 82.32 
0.00 0.00 0.00 0.61 0.00 
0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.43 0.00 
0.07 0.06 0.00 1.58 0.07 
0.48 0.30 0.02 0.34 0.17 
0.09 0.02 34.41 38.25 0.68 
3.38 0.04 2.01 0.00 6.39 
12.78 14.44 0.22 0.28 10.76 
100.64 100.09 100.55 101.38 100.39 
0.952 0.951 1.011 0.903 0.968 
0.000 0.000 0.000 O.D18 0.000 
0.000 0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.021 0.000 
0.003 0.002 0.000 0.089 0.003 
0.005 0.003 0.000 0.005 0.002 
0.002 0.000 0.884 0.937 0.013 
0.101 0.001 0.083 0.000 0.197 























TABLE 8. Re~resentative Electron Micro~robe Anlayses ofTennantite 
1 2 3 4 5 6 6 7 8 9 
Element (wt % ) 
Cu 39.84 41.56 35.40 41.60 39.71 40.68 39.40 42.55 42.50 43.69 
Ag 0.00 0.02 0.00 0.04 0.09 0.10 0.10 0.00 0.00 0.00 
Fe 4.59 0.50 8.33 3.50 0.72 1.ll 0.34 1.04 3.79 2.01 
Zn 4.54 6.74 5.72 6.05 7.05 7.17 7.59 7.36 5.37 6.29 
Pb 0.00 0.22 0.00 0.06 0.02 0.10 0.06 0.28 0.15 0.27 
As 19.75 11.04 17.17 18.32 14.09 20.82 10.78 19.13 20.09 20.91 
Sb 1.54 10.99 0.72 2.50 10.20 1.04 12.41 1.70 0.00 0.00 
Se 0.60 0.88 1.01 1.20 1.57 0.47 2.32 0.05 0.00 0.00 
Bi 0.17 0.13 0.28 0.21 0.06 0.18 0.16 0.17 0.06 0.00 
Te 0.00 1.92 0.00 0.00 0.24 0.02 0.61 0.04 0.00 0.00 
Au 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 
s 28.65 26.77 31.73 27.07 26.95 27.89 26.22 28.64 28.11 28.32 
Total 99.68 100.77 100.35 100.55 100.71 99.57 100.00 100.99 100.08 101.49 
Atomic proportions assuming 13 S atoms. 
Cu 9.121 10.185 7.318 10.079 9.666 9.568 9.857 9.747 9.918 10.122 
Ag 0.000 0.002 0.000 0.006 0.012 0.014 0.015 0.000 0.000 0.000 
Fe 1.196 0.139 1.959 0.966 0.200 0.297 0.098 0.272 1.007 0.530 
Zn 1.0ll 1.605 1.149 1.425 1.668 1.639 1.844 1.638 1.218 1.416 
Pb 0.000 0.017 0.000 0.004 0.001 0.007 0.005 0.020 O.Qll 0.019 
As 3.835 2.295 3.010 3.765 2.908 4.154 2.287 3.716 3.975 4.109 
Sb 0.184 1.406 0.078 0.316 1.295 0.127 1.620 0.204 0.000 0.000 
Se 0.111 0.174 0.168 0.234 0.308 0.090 0.468 0.009 0.000 0.000 
Bi 0.012 0.009 0.017 0.015 0.005 0.013 0.012 0.012 0.004 0.000 
Te 0.000 0.235 0.000 0.000 0.029 0.002 0.075 0.005 0.000 0.000 
Au 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 
s 13.000 13.000 13.000 13.000 13.000 13.000 13.000 13.000 13.000 13.000 
1 H-lode, 98FJ-30 
2 MUR 1, 99TV-93 
3 SKL, PS99TV-74 
4 SKL, OOTV-36 
5 Nasivi SKL, 98FJ-65 
6 Nasivi SKL, 98FJ-67 
7 UR2, 99TV-13 
8 URW2, PS99TV-8 
9 undefined, 99TV-90 
TABLE 9. ReQresentative Electron MicroQrobe Analyses of Native Elements and Tellurides 
1 





















1 Electrum, URW2 (PS99TV-8) 
2 Native Gold, Nasivi-SKL (98FJ-67) 
3 Calaverite, Upper Ridges (98FJ-52) 
4 Petzite, URI (99TV-37bl) 
5 Sylvanite, UR5 (PS99TV-66) 
6 Hessite, URWl (OOTV-99) 
7 Stuetzite, UR5 (PS99TV-66) 






















4 5 6 7 8 
24.07 26.57 0.00 1.52 0.25 
42.85 11.53 62.63 57.25 0.00 
33.23 62.09 36.89 41.59 40.11 
0.00 0.14 0.03 0.06 0.06 
0.00 0.10 0.00 0.00 0.06 
0.09 0.10 0.00 0.10 0.00 
0.00 0.00 0.02 0.00 59.99 
0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 
100.23 100.53 99.57 100.52 100.46 
6 6 3 8 2 
0.940 1.105 0.000 4.904 0.004 
3.055 0.875 2.002 0.071 0.000 
2.003 3.985 0.997 3.012 1.020 
0.000 0.018 0.002 0.008 0.003 
0.000 0.013 0.000 0.000 0.003 
0.003 0.004 0.000 0.004 0.000 
0.000 0.000 0.000 0.000 0.970 
0.000 0.000 0.000 0.000 0.000 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TABLE 12. Sulfur lsotoQe Com2ositions of Sulfides from the Tuvatu Pros2ect 
534s 
PY 
534s cpy 534s spb 534s go 
Location Sample Stage (o/oo) (o/oo) (o/oo) (%o) T{oC)a T{oC)b T(oqc 
Tuvatu 98FJ-82 I -4.7 
Tuvatu 98FJ-83 I -3.2 
Tuvatu 98FJ-86 I -5.7 
Tuvatu 98FJ-87 I -4.4 
Tuvatu 99TV-43 I -5.8 
H-Iode 98FJ-3I 2 -5.2 
H-lode 98FJ-32 2 -5.I 
H-lode? OOTV-11 3 -10.7 
Westl OOTV-117 3 -7.3 
Westl OOTV-118 3 -9.3 
West2 OOTV-I22 3 -4.6 
West4 OOTV-I27 3 -8.2 
H-lode OOTV-8 4 -I5.3 
H-lode OOTV-5 4 -8.6 -8.7 -I 1.4 330 244 
H-lode OOTV-I9 4 -13.I 
GRF OOTV-24 4 -9.7 
Murau2 OOTV-35 4 -9.0 
SK.L5 OOTV-49 4 -6.3 -6.5 
SK.L5 OOTV-5I 4 -6.5 
SK.LS OOTV-59 4 -7.2 
UR 98FJ-39 4 -4.5 
UR 98FJ-52 4 -5.7 
UR 98FJ-55 4 -8.4 
URI 99TV-28 4 -5.5 
URI 99TV-37b 4 -6.8 -10.8 108 
URI OOTV-SI 4 -6.7 
UR2 99TV-I IF 4 -10.6 
UR2 99TV-26a 4 -8.2 
UR2 99TV-65a 4 -I 1.7 
UR2 OOTV-72 4 -10.5 
UR2 OOTV-74 4 -8.4 
UR4 OOTV-84 4 -7.5 
UR4 OOTV-85 4 -I 1.7 
UR7 OOTV-93 4 -4.2 
URWI OOTV-99 4 -7.9 
URWI OOTV-IOO 4 -4.9 
URW2 OOTV-105 4 -5.4 
URW3 99TV-I5 4 -7.6 
URW3 99TV-I7 4 -9.3 
URW3 OOTV-107 4 -3.6 
Nubunidike OOTV-134 4 -4.l 
Nubunidike OOTV-134a 4 -8.6 
Davui OOTV-133b 4 -9.6 
Abbreviations: cpy = chalcopyrite, gn =galena, py =pyrite, sph = sphalerite 
T (0C) calculated from Ohmoto and Rye (I979): a. pyrite-galena: T = (1.0I x 103)/(0py-gn) 112 ; 
b. sphalerite-galena: T = (0.85 x 103)/(osph-gn) 112; and Campbell and Larson (I998): 
c. galena-chalcopyrite: T = (-0.58 x I06)/(dgn-cpy)l/2 
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CHAPTER3. GENERALSUMMARY 
1. Gold-silver telluride mineralization in the Tuvatu prospect and spatially related low-grade copper 
style mineralisation is genetically related to the emplacement of Early Pliocene K-rich calc-
alkaline and shoshonitic volcanic rocks along the Viti Levu lineament. The geochemistry of the 
Navilawa Monzonite, the alkalic intrusive that hosts the Au-Ag-Te mineralization at Tuvatu, 
resembles alkalic basalts of island-arc affinity. 
2. The paragenetic sequence of the Tuvatu ores can be divided into five hydrothermal stages based 
on alteration mineralization. Potassic alteration is associated with porphyry copper 
mineralization whereas propylitic alteration marks the first appearance of gold deposition (native 
gold). Stage 4 phyllic alteration is associated with gold-rich precious metal mineralization. In 
the Tuvatu and H lodes, epithermal gold mineralization overprints porphyry copper style 
mineralization. 
3. Gold is present in the Tuvatu prospect as "invisible" gold in arsenian pyrite, as native gold, and as 
precious metal tellurides. Tellurides are the most important source of gold where they occur as 
calaverite, krennerite, petzite, and sylvanite. The most common non-precious metal telluride in 
the deposit is altaite. 
4. Vanadium-bearing minerals, roscoelite, karelianite, Ti-free nolanite, vanadian rutile, schreyerite, 
and a possible new mineral (VSi03) were identified in the phyllic stage, where they are 
commonly spatially associated with calaverite. 
5. Fluid inclusion studies show that late magmatic fluids were hot (>450°C), boiling, hypersaline 
(>50 wt percent NaCl equiv) fluids preceded deposition of porphyry copper style mineralization 
at approximately 310°C, also from hypersaline boiling fluids. A gradual decrease in temperature 
(300° to 100°C) of a non-boiling, less saline (0. 71 to 16.71 wt percent NaCl equiv) ore fluid was 
associated with the deposition of epithermal gold-silver tellurides. 
103 
6. Using the peak fluid homogenization temperature of around 250°C, coupled with stabilities of 
tellurides and minerals in the systems Cu-Fe-S-0 and K-Al-Si-0-H approximate conditions of 
telluride deposition were pH= 5.5 to 6.5, logj02 = -36.8 to -34.0, logjS2 = -13.27 to -11.30, and 
logffe2 = -12.87 to -7.81. 
7. Oxygen and hydrogen isotopes support the concept that ore fluids were magmatic in origin but 
were also permissive of a meteoric water contribution. Sulfur isotopes also support a magmatic 
origin. Light values of o34S are likely the result of an increase in the :ESO,JLH2S as a result of 
boiling near the chlorite-hematite buffer at near neutral pH. 
8. The source of the ore-forming components (e.g., Au, Ag, S, Te, V, etc.) was most likely the 
Navilawa Monzonite. 
9. The structural, petrological, and mineralogical setting as well as the geochemical conditions and 
age of ore formation of the small Tuvatu deposit and the large Emperor deposit are remarkably 
alike and suggest a similar origin. 
104 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































APPENDIX B. ELECTRON MICRO PROBE ANALYSES OF SULFIDES, 
SULFOSALTS, TELLURIDES, AND NATIVE ELEMENTS 
Pyrite 
Wt% 1 1 2 2 2 3 4 4 4 4 
Fe 46.18 47.10 47.16 47.70 47.59 46.03 46.28 45.66 45.38 44.86 
Cu 0.00 0.09 0.00 0.04 0.14 0.03 0.00 
Zn 0.00 0.00 0.02 0.06 0.04 0.00 0.00 
As 0.00 0.00 0.00 0.02 0.00 0.12 0.63 0.38 0.72 3.44 
Se 0.96 0.35 0.00 0.79 0.54 0.81 0.60 
Ag 0.02 0.02 0.00 0.01 0.00 0.00 0.00 
Sb 0.00 0.00 0.00 0.11 0.09 0.03 0.13 
Te 0.00 0.00 0.00 0.07 0.01 0.00 0.06 
Au 0.28 0.19 0.04 0.25 0.00 0.47 0.00 
Hg 0.00 0.00 0.00 0.11 0.08 0.25 0.20 
Pb 0.34 0.05 0.24 0.25 0.21 0.07 0.27 
Bi 0.26 0.20 0.24 0.16 0.18 0.29 0.11 
s 53.77 54.22 53.29 53.80 53.33 52.59 53.63 52.49 51.70 50.83 
Total 101.81 102.23 100.45 101.52 100.92 99.29 102.39 99.83 99.74 100.50 
Based on three atoms. 
Fe 0.984 0.995 0.844 0.854 0.852 1.001 0.984 0.992 0.995 0.985 
Cu 0.000 0.002 0.000 0.001 0.003 0.001 0.000 
Zn 0.000 0.000 0.000 0.001 0.001 0.000 0.000 
As 0.000 0.000 0.000 0.000 0.000 0.002 0.010 0.006 0.012 0.056 
Se 0.014 0.005 0.000 0.012 0.008 0.013 0.009 
Ag 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Sb 0.000 0.000 0.000 0.001 0.001 0.000 0.001 
Te 0.000 0.000 0.000 0.001 0.000 0.000 0.001 
Au 0.002 0.001 0.000 0.001 0.000 0.003 0.000 
Hg 0.000 0.000 0.000 0.001 0.001 0.002 0.001 
Pb 0.002 0.000 0.001 0.001 0.001 0.000 0.002 
Bi 0.001 0.001 0.001 0.001 0.001 0.002 0.001 
s 1.996 1.995 1.989 1.988 1.984 1.993 1.986 1.986 1.974 1.944 
1. Tuvatu, 98FJ-33 
2. Tuvatu, 98FJ-122 
3. H-lode, 98FJ-32 
4. H-lode, 98FJ-30 
114 
Pyrite (cont.) 
Wt% 5 5 5 5 6 7 8 8 8 8 
Fe 45.78 47.31 46.43 47.51 47.39 44.79 46.33 47.18 43.27 46.59 
Cu 0.00 0.00 0.21 0.00 0.07 0.10 
Zn 0.00 0.09 0.23 0.00 0.00 0.00 
As 3.14 0.06 0.00 0.00 0.00 0.72 0.26 0.04 9.53 0.09 
Se 0.40 0.23 0.50 0.58 0.73 0.48 
Ag 0.02 0.02 0.01 0.00 0.00 0.00 
Sb 0.01 0.09 0.08 0.00 0.00 0.02 
Te 0.00 0.06 0.00 0.01 0.01 0.00 
Au 0.42 0.03 0.00 0.09 0.00 0.00 
Hg 0.00 0.10 0.00 0.02 0.00 0.00 
Pb 0.18 0.60 0.11 0.13 0.00 0.22 
Bi 0.01 0.06 0.15 0.19 0.36 0.22 
s 51.57 53.82 52.63 53.79 53.08 52.29 53.24 53.38 45.43 53.89 
Total 100.49 101.19 99.06 101.30 101.50 99.07 101.13 101.62 99.39 101.59 
Based on three atoms. 
Fe 0.996 1.006 1.008 1.009 1.013 0.981 0.992 1.006 0.997 0.991 
Cu 0.000 0.000 0.004 0.000 0.001 0.002 
Zn 0.000 0.002 0.004 0.000 0.000 0.000 
As 0.051 0.001 0.000 0.000 0.000 0.012 0.004 0.001 0.164 0.001 
Se 0.006 0.004 0.008 0.009 0.012 0.007 
Ag 0.000 0.000 0.000 0.000 0.000 0.000 
Sb 0.000 0.001 0.001 0.000 0.000 0.000 
Te 0.000 0.001 0.000 0.000 0.000 0.000 
Au 0.003 0.000 0.000 0.001 0.000 0.000 
Hg 0.000 0.001 0.000 0.000 0.000 0.000 
Pb 0.001 0.004 0.001 0.001 0.000 0.001 
Bi 0.000 0.000 0.001 0.001 0.002 0.001 
s 1.953 1.993 1.992 1.991 1.977 1.996 1.986 1.982 1.824 1.996 
5. H-lode, 98FJ-115 
6. MURI, 99TV-93 
7. Nasivi-SKL, 98FJ-68 
8. SKL, PS99TV-74 
115 
Pyrite (cont.) 
Wt% 8 8 8 9 10 10 10 11 11 
Fe 46.00 43.32 44.33 46.21 47.17 46.89 47.25 47.00 47.41 
Cu 0.46 0.08 0.00 0.19 0.00 0.11 0.00 
Zn 0.08 0.03 0.04 0.18 0.00 0.10 0.04 
As 0.07 11.06 6.77 0.36 0.06 0.00 0.15 0.04 0.00 
Se 0.49 0.78 0.53 0.48 0.51 0.61 0.60 
Ag 0.00 0.00 0.00 0.00 0.00 0.01 0.07 
Sb 0.04 0.00 0.00 0.00 0.02 0.00 0.01 
Te 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Au 0.00 0.22 0.00 0.00 0.18 0.00 0.17 
Hg 0.29 0.09 0.27 0.34 0.00 0.00 0.29 
Pb 0.24 0.15 0.34 0.23 0.25 0.08 0.13 
Bi 0.23 0.16 O.Ql 0.22 0.27 0.01 0.09 
s 53.23 45.64 46.90 52.20 53.16 53.53 53.41 53.83 53.19 
Total 101.12 101.52 99.19 100.41 101.61 101.34 102.22 100.88 100.60 
Based on three atoms. 
Fe 0.987 0.985 1.010 1.003 1.008 0.999 1.005 1.001 1.015 
Cu 0.009 0.002 0.000 0.004 0.000 0.002 0.000 
Zn 0.001 0.001 0.001 0.003 0.000 0.002 0.001 
As 0.001 0.187 0.115 0.006 0.001 0.000 0.002 0.001 0.000 
Se 0.007 0.013 0.009 0.007 0.008 0.009 0.009 
Ag 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
Sb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Te 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Au 0.000 0.001 0.000 0.000 0.001 0.000 0.001 
Hg 0.002 0.001 0.002 0.002 0.000 0.000 0.002 
Pb 0.001 0.001 0.002 0.001 0.001 0.000 0.001 
Bi 0.001 0.001 0.000 0.001 0.002 0.000 0.001 
s 1.990 1.809 1.862 1.973 1.979 1.987 1.978 1.998 1.985 
8. SKL, PS99TV-74 
9. SKL, OOTV-36 
10. Upper Ridges, 98FJ-39 
11. Upper Ridges, 98FJ-55 
116 
Pyrite (cont.) 
Wt% 11 11 11 11 11 11 11 11 11 11 
Fe 45.81 46.08 46.59 47.48 47.17 47.33 47.12 46.57 47.11 46.97 
As 0.00 0.00 0.01 0.02 0.47 0.00 1.12 0.00 0.06 0.00 
s 53.86 52.77 53.17 54.16 53.28 53.44 52.70 53.34 53.74 53.24 
Total 99.67 98.85 99.76 101.66 100.92 100.78 100.94 99.91 100.90 100.21 
Based on three atoms. 
Fe 0.984 1.002 1.004 1.004 1.008 1.011 1.011 1.002 1.004 1.008 
As 0.000 0.000 0.000 0.000 0.007 0.000 0.018 0.000 0.001 0.000 
s 2.016 1.998 1.996 1.995 1.984 1.989 1.971 1.998 1.995 1.992 
Wt% 11 12 12 12 13 13 13 13 13 13 
Fe 46.87 46.01 46.57 46.90 46.32 47.53 47.09 46.86 46.81 47.68 
As 0.00 0.01 0.00 0.00 0.45 0.00 0.44 0.52 0.00 0.52 
s 53.19 53.16 52.88 52.87 53.28 53.43 53.46 53.70 53.30 53.04 
Total 100.05 99.18 99.45 99.78 100.05 100.96 101.00 101.08 100.11 101.24 
Based on three atoms. 
Fe 1.008 0.996 1.007 1.012 0.996 1.014 1.005 0.998 1.006 1.018 
As 0.000 0.000 0.000 0.000 0.007 0.000 0.007 0.008 0.000 0.008 
s 1.992 2.004 1.993 1.988 1.996 1.986 1.988 1.993 1.994 1.973 
11. Upper Ridges, 98FJ-55 
12. Upper Ridges, 98FJ-77 
13. Upper Ridges, 98FJ-101 
117 
Pyrite (cont.) 
Wt% 13 14 14 14 14 14 14 14 15 16 
Fe 47.55 45.92 47.79 47.76 48.20 48.20 47.95 47.98 46.73 46.19 
Cu 0.03 
Zn 0.00 









s 53.76 52.23 54.11 53.31 53.36 53.55 53.13 53.46 52.62 52.71 
Total 101.31 99.68 101.90 101.22 101.69 101.78 101.19 101.53 100.01 98.91 
Based on three atoms. 
Fe 1.010 0.998 1.009 1.018 1.024 1.022 1.023 1.020 1.012 1.004 
Cu 0.001 
Zn 0.000 









s 1.990 1.977 1.991 1.980 1.974 1.978 1.975 1.979 1.984 1.996 
13. Upper Ridges, 98FJ-101 
14. UR2, 99TV-13 
15. UR2, 99TV-26b 
16. UR4, 99TV-88 
118 
Pyrite (cont.) 
Wt% 16 16 16 16 16 16 17 17 17 17 
Fe 46.28 47.67 47.78 47.81 47.83 47.83 46.18 46.38 46.34 46.10 
Cu 0.00 
Zn 0.04 









s 52.44 52.83 53.15 53.69 53.38 53.83 52.76 52.62 52.69 52.38 
Total 98.80 100.50 101.07 101.54 101.21 101.73 99.37 99.08 99.04 98.53 
Based on three atoms. 
Fe 1.008 1.020 1.024 1.015 1.019 1.013 1.002 1.007 1.006 1.007 
Cu 0.000 
Zn 0.001 









s 1.990 1.977 1.976 1.985 1.981 1.986 1.995 1.991 1.993 1.992 
16. UR4, 99TV-88 
17. UR5, PS99TV-66 
119 
Pyrite (cont.) 
Wt% 17 18 18 18 18 18 18 18 18 19 
Fe 47.00 45.96 46.54 47.26 46.46 46.33 46.93 46.70 46.80 44.89 
As 0.07 0.07 0.12 0.16 0.00 0.08 0.09 0.11 0.04 3.16 
s 52.48 53.04 53.44 53.64 52.57 52.69 53.34 52.57 52.87 51.12 
Total 99.55 99.08 100.10 101.06 99.03 99.09 100.36 99.38 99.72 99.17 
Based on three atoms. 
Fe 1.018 0.996 0.999 1.007 1.010 1.006 1.006 1.012 1.011 0.988 
As 0.001 0.001 0.002 0.002 0.000 0.001 0.001 0.002 0.001 0.052 
s 1.981 2.003 1.999 1.991 1.990 1.993 1.992 1.986 1.989 1.960 
Wt% 19 19 19 19 19 19 19 
Fe 45.88 46.20 46.34 47.29 46.75 45.45 44.78 
As 3.25 0.04 0.48 0.23 0.08 1.24 4.89 
s 50.90 53.50 52.41 53.21 53.17 52.11 48.71 
Total 100.03 99.74 99.23 100.72 100.00 98.80 98.38 
Based on three atoms. 
Fe 1.005 0.994 1.007 1.012 1.006 0.994 1.008 
As 0.053 0.001 0.008 0.004 0.001 0.020 0.082 
s 1.942 2.005 1.985 1.984 1.993 1.986 1.910 
17. URS, PS99TV-66 
18. URS, PS99TV-83b 
19. URWl, 99TV-38a 
120 
Pyrite (cont.) 
Wt% 20 21 22 22 22 22 22 22 22 
Fe 45.91 45.93 46.62 46.71 46.67 47.11 46.32 46.89 46.49 
Cu 0.00 0.09 
Zn 0.07 0.03 
As 0.41 0.00 0.52 0.00 2.41 0.08 0.07 0.00 0.21 
Se 0.37 0.00 
Ag 0.00 0.00 
Sb 0.00 0.01 
Te 0.00 0.11 
Au 0.19 0.25 
Hg 0.00 0.00 
Pb 0.27 0.12 
Bi 0.21 0.19 
s 52.55 52.93 52.76 52.17 51.36 52.50 52.74 53.21 52.28 
Total 99.98 99.65 99.90 98.89 100.44 99.69 99.13 100.09 98.99 
Based on three atoms. 
Fe 0.996 0.995 1.007 1.018 1.015 1.019 1.005 1.008 1.013 
Cu 0.000 0.002 
Zn 0.001 0.001 
As 0.007 0.000 0.008 0.000 0.039 0.001 0.001 0.000 0.003 
Se 0.006 0.000 
Ag 0.000 0.000 
Sb 0.000 0.000 
Te 0.000 0.001 
Au 0.001 0.002 
Hg 0.000 0.000 
Pb 0.002 0.001 
Bi 0.001 0.001 
s 1.986 1.998 1.985 1.982 1.946 1.979 1.994 1.992 1.984 
20. URWl, OOTV-99 
21. URW2, 99TV-7 
22. URW2, PS99TV-8 
121 
Sulfides 
Wt% 1 1 1 2 2 2 3 4 5 6 
Fe 36.24 35.64 33.41 0.75 1.12 1.03 6.07 2.34 3.01 0.61 
Cu 0.00 0.02 0.11 0.01 0.00 0.03 0.30 0.03 0.00 0.00 
Zn 0.08 0.07 0.00 67.45 67.11 66.57 60.21 65.55 64.12 65.17 
As 41.60 40.71 44.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Se 1.20 1.42 0.97 0.21 0.00 0.05 0.54 0.40 0.00 0.07 
Ag 0.00 0.00 0.00 0.01 0.00 0.05 0.00 O.ol 0.02 0.00 
Sb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Te 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.05 
Au 0.00 0.13 0.55 0.12 0.00 0.02 0.00 0.00 0.00 0.17 
Hg 0.00 0.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pb 0.01 0.15 0.18 0.16 0.11 0.15 0.02 0.15 0.14 0.12 
Bi 0.00 0.00 0.24 0.17 0.23 0.18 0.08 0.02 0.19 0.10 
s 23.69 22.63 18.99 33.59 33.54 33.34 32.63 33.14 33.57 32.78 
Total 102.81 100.98 98.74 102.46 102.11 101.42 99.84 101.63 101.05 99.05 
Atoms 3 3 3 2 2 2 2 2 2 2 
Fe 0.994 1.003 0.997 0.013 0.019 O.D18 0.105 0.040 0.052 0.011 
Cu 0.000 0.000 0.003 0.000 0.000 0.000 0.005 0.000 0.000 0.000 
Zn 0.002 0.002 0.000 0.984 0.980 0.979 0.894 0.962 0.941 0.980 
As 0.850 0.854 0.985 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Se 0.023 0.028 0.020 0.002 0.000 0.001 0.007 0.005 0.000 0.001 
Ag 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Sb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Te 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Au 0.000 0.001 0.005 0.001 0.000 0.000 0.000 0.000 0.000 0.001 
Hg 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Pb 0.000 0.001 0.001 0.001 0.000 0.001 0.000 0.001 0.001 0.001 
Bi 0.000 0.000 0.002 0.001 0.001 0.001 0.000 0.000 0.001 0.000 
s 1.131 1.109 0.987 0.999 0.999 1.000 0.988 0.992 1.005 1.006 
Fe(mol %) 1.28 1.92 1.78 10.51 4.01 5.21 1.08 
1. Arsenopyrite, SKL (PS99TV-74) 
2. Sphalerite, Nasivi-SKL (98FJ-74) 
3. Sphalerite, SKL (OOTV-36) 
4. Sphalerite, Upper Ridges (98FJ-55) 
5. Sphalerite, Upper Ridges (98FJ-101) 
6. Sphalerite, URl (PS99TV-37bl) 
122 
Sulfides (cont.) 
Wt% 7 8 8 9 10 10 11 12 13 14 
Fe 1.22 2.83 4.03 30.50 31.35 30.12 30.33 29.77 30.63 30.01 
Cu 0.00 0.46 0.60 33.57 33.85 33.45 33.32 34.26 33.28 33.76 
Zn 64.51 63.95 61.62 0.00 0.33 0.00 0.19 0.08 0.02 0.00 
As 0.00 0.04 0.00 0.44 0.04 0.00 0.04 0.01 0.14 0.06 
Se 0.05 0.27 0.02 0.74 0.74 0.66 0.00 . 0.00 0.00 0.00 
Ag 0.16 0.04 0.02 0.01 0.00 0.01 0.00 0.02 0.03 0.00 
Sb 0.03 0.08 0.07 0.00 0.03 0.04 0.00 0.01 0.00 0.00 
Te 0.06 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 
Au 0.30 0.00 0.00 0.06 0.26 O.ot 0.00 0.51 0.08 0.00 
Hg 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 
Pb 0.49 0.10 0.00 0.00 0.05 0.13 0.15 0.04 0.24 0.00 
Bi 0.10 0.21 0.13 0.10 0.19 0.20 0.22 0.04 0.09 0.19 
s 32.64 33.23 32.94 35.38 34.61 34.57 34.48 34.18 35.09 34.48 
Total 99.555 101.213 99.428 100.85 101.448 99.177 98.736 98.943 99.603 98.501 
Atoms 2 2 2 4 4 4 4 4 4 4 
Fe 0.021 0.049 0.070 0.995 1.025 1.001 1.011 0.995 1.011 1.002 
Cu 0.000 0.007 0.009 0.963 0.972 0.977 0.976 1.006 0.965 0.990 
Zn 0.970 0.941 0.918 0.000 0.009 0.000 0.005 0.002 0.001 0.000 
As 0.000 0.001 0.000 0.011 0.001 0.000 0.001 0.000 0.004 0.001 
Se 0.001 0.003 0.000 0.017 0.017 0.016 0.000 0.000 0.000 0.000 
Ag 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Sb 0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
Te 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Au 0.001 0.000 0.000 0.001 0.002 0.000 0.000 0.005 0.001 0.000 
Hg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Pb 0.002 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.002 0.000 
Bi 0.000 0.001 0.001 0.001 0.002 0.002 0.002 0.000 0.001 0.002 
s 1.001 0.997 1.001 2.012 1.971 2.002 2.003 1.990 2.016 2.005 
Fe (mo]%) 2.17 4.89 7.05 
7. Sphalerite, UR2 (PS99TV-26b) 
8. Sphalerite, URW2 (PS99TV-8) 
9. Chalcopyrite, SKL (PS99TV-74) 
10. Chalcopyrite, Upper Ridges (98FJ-39) 
11. Chalcopyrite, UR2 (99TV-13) 
12. Chalcopyrite, URW2 (99TV-7) 
13. Chalcopyrite, URW2 (PS99TV-8) 
14. Chalcopyrite, undefined (99TV-84) 
123 
Sulfides (cont.) 
Wt% 14 15 15 15 15 15 
Fe 30.05 13.52 16.10 15.37 12.58 15.71 
Cu 34.04 15.71 17.93 17.58 14.89 17.73 
Zn 0,01 36.98 31.02 34.29 36.56 34.45 
As 0.08 0.00 0.00 0.00 0.00 0.00 
Se 0.00 0.74 0.92 0.37 0.44 0.43 
Ag 0.00 0.03 0.06 0.00 0.00 0.00 
Sb 0.00 0.55 0.23 0.44 0.49 0.00 
Te 0.00 0.02 0.00 0.00 0.05 0.01 
Au 0.00 0.34 0.18 0.00 0.12 0.00 
Hg 0.20 0.00 0.00 0.00 0.00 0.00 
Pb 0.20 0.10 0.11 0.03 0.00 0.17 
Bi 0.21 0.13 0.19 0.03 0.13 0.35 
s 34.35 33.44 33.42 33.92 33.66 34.11 
Total 99.14 101.56 100.15 102.02 98.92 102.96 














14. Chalcopyrite, undefined (99TV-84) 
15. Unknown orange mineral, SKL (OOTV-36) 
124 
Galena 
Wt% 1 2 2 2 3 3 4 4 4 4 
Pb 85.20 81.04 80.95 80.26 83.87 84.49 83.39 82.57 84.55 84.33 
Ag 0.01 0.00 0.00 0.00 0.16 0.00 0.00 0.27 0.00 0.00 
Au 0.02 0.00 0.00 0.00 0.64 0.00 0.00 0.00 0.00 0.00 
Cu 0.21 0.00 0.00 0.03 0.12 0.11 0.22 0.48 0.03 0.10 
Fe 0.05 0.44 0.04 0.03 0.36 0.04 0.22 0.36 0.87 0.82 
Bi 0.47 0.22 0.25 0.30 0.47 0.18 0.24 0.87 0.50 0.33 
Te 0.00 0.55 0.51 0.78 0.22 0.12 0.08 0.26 0.40 0.25 
As 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 
Se 0.15 7.92 6.45 7.26 0.68 0.05 0.16 3.71 2.36 2.36 
s 14.86 9.69 9.99 9.46 13.97 14.65 14.80 11.45 12.38 12.36 
Total 100.97 99.86 98.18 98.11 100.49 99.67 99.10 99.97 101.07 100.55 
Based on two atoms. 
Pb 0.931 0.969 0.989 0.990 0.935 0.937 0.920 0.966 0.965 0.967 
Ag 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.006 0.000 0.000 
Au 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000 0.000 
Cu 0.007 0.000 0.000 0.001 0.004 0.004 0.008 0.018 0.001 0.004 
Fe 0.002 0.019 0.002 0.002 0.015 0.002 0.009 0.016 0.037 0.035 
Bi 0.005 0.003 0.003 0.004 0.005 0.002 0.003 0.010 0.006 0.004 
Te 0.000 0.011 0.010 0.016 0.004 0.002 0.001 0.005 0.007 0.005 
As 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
Se 0.004 0.249 0.207 0.235 0.020 0.001 0.005 0.114 0.071 0.071 
s 1.050 0.749 0.789 0.754 1.006 1.050 1.055 0.865 0.913 0.916 
1. SKL7, OOTV-58 
2. Nasivi SKL, 98FJ-74 
3. Upper Ridges, 98FJ-52 
4. Upper Ridges, 98FJ-55 
125 
Galena (cont.) 
Wt% 5 6 6 6 7 7 8 8 8 8 
Pb 84.25 85.99 84.81 85.56 84.00 82.53 83.66 83.99 83.86 85.23 
Ag 0.00 0.00 0.00 0.00 0.00 0.00 0.17 0.00 0.00 0.00 
Au 0.00 0.00 0.02 0.00 0.00 0.20 0.00 0.12 0.00 0.00 
Cu 0.00 0.00 0.01 0.00 0.03 0.10 0.02 0.08 0.00 0.00 
Fe 0.36 0.16 0.09 0.01 0.08 0.01 0.00 0.06 0.07 0.06 
Bi 0.32 0.41 0.42 0.47 0.17 0.26 0.38 0.32 0.48 0.30 
Te 0.19 0.24 0.27 0.28 0.42 0.62 0.47 0.28 0.09 0.02 
As 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Se 2.65 0.42 0.63 0.65 5.52 6.89 3.90 2.38 3.38 0.04 
s 14.42 13.70 13.56 14.12 11.38 10.59 12.26 12.31 12.78 14.44 
Total 102.20 100.92 99.80 101.09 101.60 101.21 100.85 99.55 100.64 100.09 
Based on two atoms. 
Pb 0.904 0.972 0.968 0.953 0.970 0.966 0.958 0.981 0.952 0.951 
Ag 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 
Au 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.001 0.000 0.000 
Cu 0.000 0.000 0.000 0.000 0.001 0.004 0.001 0.003 0.000 0.000 
Fe 0.014 0.006 0.004 0.001 0.003 0.001 0.000 0.002 0.003 0.002 
Bi 0.003 0.005 0.005 0.005 0.002 0.003 0.004 0.004 0.005 0.003 
Te 0.003 0.004 0.005 0.005 0.008 0.012 0.009 0.005 0.002 0.000 
As 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Se 0.075 0.013 0.019 0.019 0.167 0.212 0.117 0.073 0.101 0.001 
s 1.000 1.000 1.000 1.017 0.849 0.801 0.907 0.930 0.938 1.041 
5. Upper Ridges, 98FJ-101 
6. URI, 99TV-37bl 
7. UR2, 99TV-13 
8. UR2, 99TV-26b 
126 
Galena (cont.) 
Wt% 8 9 10 10 11 12 12 12 12 13 
Pb 86.15 86.05 85.36 86.59 84.29 83.41 82.32 82.18 81.87 83.28 
Ag 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Au 0.23 0.00 0.04 0.12 0.00 0.00 0.00 0.00 0.00 0.00 
Cu 0.01 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.05 
Fe 0.00 0.07 0.02 0.06 0.09 0.04 0.07 0.03 0.01 L .0.06 
Bi 0.46 0.27 0.41 0.23 0.28 0.24 0.17 0.13 0.13 0.30 
Te 0.08 0.04 0.06 0.20 0.14 0.75 0.68 0.36 0.55 0.51 
As 0.00 0.00 0.00 0.00 0.00 O.ol 0.00 0.00 0.00 0.00 
Se 0.19 0.27 0.00 0.35 0.37 5.93 6.39 5.44 5.36 3.90 
s 14.48 14.47 14.44 14.40 13.86 10.92 10.76 11.06 11.30 11.60 
Total 101.60 101.17 100.32 102.04 99.03 101.29 100.39 99.19 99.21 99.70 
Based on two atoms. 
Pb 0.952 0.951 0.952 0.953 0.960 0.975 0.968 0.974 0.963 0.980 
Ag 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Au 0.003 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
Cu 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.002 
Fe 0.000 0.003 0.001 0.002 0.004 0.002 0.003 0.001 0.000 0.003 
Bi 0.005 0.003 0.004 0.003 0.003 0.003 0.002 0.001 0.002 0.003 
Te 0.001 0.001 0.001 0.004 0.003 0.014 0.013 0.007 0.010 0.010 
As 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Se 0.006 0.008 0.000 0.010 0.011 0.182 0.197 0.169 0.166 0.120 
s 1.033 1.034 1.041 1.024 1.020 0.825 0.817 0.847 0.859 0.882 
8. UR2, 99TV-26b 
9. UR2, OOTV-74 
10. URS, PS99TV-66 
11. URS, 99TV-83b 
12. URWl, 99TV-38a 
13. URWl, OOTV-99 
127 
Galena (cont.) 
Wt% 13 14 
Pb 84.27 84.85 
Ag 0.00 0.00 
Au 0.05 0.00 
Cu 0.00 0.00 
Fe 0.07 0.28 
Bi 0.24 0.38 
Te 0.44 0.13 
As 0.00 0.00 
Se 4.23 0.45 
$ 12.49 14.23 
Total 101.79 100.32 
Based on two atoms. 
Pb 0.950 0.945 
Ag 0.000 0.000 
Au 0.001 0.000 
Cu 0.000 0.000 
Fe 0.003 0.012 
Bi 0.003 0.004 
Te 0.008 0.002 
As 0.000 0.000 
Se 0.125 0.013 
s 0.910 1.024 
13. URWl, OOTV-99 
14. Nubinidike, OOTV-134a 
128 
Tennantite 
Wt% 2 2 2 3 4 4 4 5 5 
Cu 39.84 41.56 40.88 40.95 35.40 41.60 42.27 40.72 39.71 40.32 
Ag 0.00 0.02 0.44 0.55 0.00 0.04 0.01 0.03 0.09 0.00 
Fe 4.59 0.50 0.61 1.44 8.33 3.50 2.08 1.37 0.72 1.01 
Zn 4.54 6.74 7.62 4.97 5.72 6.05 7.09 6.98 7.05 7.73 
Pb 0.00 0.22 0.04 1.30 0.00 0.06 0.04 0.16 0.02 0.19 
As 19.75 11.04 11.72 10.79 17.17 18.32 16.93 19.87 14.09 20.22 
Sb 1.54 10.99 11.24 9.65 0.72 2.50 2.25 1.27 10.20 1.23 
Se 0.60 0.88 0.94 1.04 1.01 1.20 0.53 0.88 1.57 0.21 
Bi 0.17 0.13 0.11 0.00 0.28 0.21 0.18 0.12 0.06 0.09 
Te 0.00 1.92 0.00 5.50 0.00 0.00 0.00 0.00 0.24 0.00 
Au 0.00 0.00 0.00 0.40 0.00 0.00 0.00 0.27 0.00 0.01 
s 28.65 26.77 27.39 25.83 31.73 27.07 27.73 27.02 26.95 27.72 
Total 99.68 100.77 101.00 102.42 100.35 100.55 99.10 98.69 100.71 98.74 
Atomic proportions assuming 13 S atoms. 
Cu 9.121 10.185 9.791 10.401 7.318 10.079 10.000 9.886 9.666 9.544 
Ag 0.000 0.002 0.062 0.082 0.000 0.006 0.001 0.005 0.012 0.000 
Fe 1.196 0.139 0.167 0.416 1.959 0.966 0.561 0.378 0.200 0.273 
Zn 1.011 1.605 1.774 1.228 1.149 1.425 1.629 1.648 1.668 1.778 
Pb 0.000 0.017 0.003 0.101 0.000 0.004 0.003 0.012 0.001 0.013 
As 3.835 2.295 2.381 2.325 3.010 3.765 3.397 4.090 2.908 4.060 
Sb 0.184 1.406 1.404 1.279 0.078 0.316 0.278 0.161 1.295 0.152 
Se 0.111 0.174 0.181 0.212 0.168 0.234 0.100 0.172 0.308 0.040 
Bi 0.012 0.009 0.008 0.000 0.017 0.015 0.013 0.009 0.005 0.007 
Te 0.000 0.235 0.000 0.696 0.000 0.000 0.000 0.000 0.029 0.000 
Au 0.000 0.000 0.000 0.033 0.000 0.000 0.000 0.021 0.000 0.001 
s 13.000 13.000 13.000 13.000 13.000 13.000 13.000 13.000 13.000 13.000 
1. H-lode, 98FJ-30 
2. MUR 1, 99TV-93 
3. SKL, PS99TV-74 
4. SKL, OOTV-36 
5. Nasivi SKL, 98FJ-65 
129 
Tennantite (cont.) 
Wt% 6 6 6 6 6 6 6 6 6 6 
Cu 40.72 40.44 40.61 39.40 40.21 38.71 40.19 39.93 39.51 39.58 
Ag 0.02 0.07 0.12 0.10 0.00 0.00 0.02 0.02 0.04 0.03 
Fe 0.41 0.22 0.30 0.34 0.19 0.49 2.81 0.50 4.94 0.76 
Zn 7.38 7.81 7.58 7.59 7.80 7.47 5.19 8.03 1.87 7.28 
Pb 0.05 0.09 0.09 0.06 0.05 0.02 0.07 0.05 0.04 0.08 
As 15.29 13.56 13.78 10.78 14.47 11.90 19.46 19.82 16.03 13.97 
Sb 6.88 9.51 9.44 12.41 8.51 12.17 2.25 2.35 7.18 10.24 
Se 1.99 1.85 0.80 2.32 0.94 1.53 0.70 1.03 1.15 1.23 
Bi 0.05 0.17 0.06 0.16 0.12 0.00 0.01 0.01 0.11 0.05 
te 0.64 0.21 0.16 0.61 0.50 0.06 0.00 0.00 0.06 0.00 
Au 0.00 0.00 0.17 0.00 0.00 0.18 0.00 0.00 0.23 0.00 
s 26.65 26.63 26.78 26.22 26.61 26.80 28.35 28.26 27.63 26.55 
Total 100.08 100.55 99.89 100.00 99.39 99.34 99.04 99.99 98.79 99.77 
Atomic proportions assuming 13 S atoms. 
Cu 10.023 9.962 9.948 9.857 9.913 9.477 9.302 9.268 9.381 9.779 
Ag 0.002 0.010 0.018 O.D15 0.000 0.000 0.002 0.002 0.005 0.005 
Fe 0.116 0.061 0.083 0.098 0.054 0.138 0.741 0.133 1.334 0.214 
Zn 1.766 1.871 1.804 1.844 1.869 1.778 1.167 1.813 0.433 1.749 
Pb 0.003 0.007 0.007 0.005 0.004 0.002 0.005 0.003 0.003 0.006 
As 3.192 2.833 2.863 2.287 3.025 2.471 3.820 3.901 3.229 2.928 
Sb 0.884 1.223 1.207 1.620 1.094 1.555 0.272 0.284 0.889 1.320 
Se 0.395 0.367 0.158 0.468 0.186 0.301 0.130 0.191 0.220 0.245 
Bi 0.003 0.012 0.004 0.012 0.009 0.000 0.001 0.001 0.008 0.004 
Te 0.079 0.026 0.020 0.075 0.061 0.008 0.000 0.000 0.007 0.000 
Au 0.000 0.000 0.014 0.000 0.000 O.D15 0.000 0.000 O.D18 0.000 
s 13.000 13.000 13.000 13.000 13.000 13.000 13.000 13.000 13.000 13.000 
6. Nasivi SK.L, 98FJ-67 
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Tennantite (cont.) 
Wt% 6 6 7 7 7 8 8 9 9 
Cu 40.44 40.68 42.93 41.31 42.55 41.66 42.50 43.69 42.97 
Ag 0.00 0.10 0.02 0.00 0.00 0.00 0.00 0.00 0.06 
Fe 0.61 1.11 0.97 2.53 1.04 4.76 3.79 2.01 3.42 
Zn 7.28 7.17 9.21 7.44 7.36 5.46 5.37 6.29 6.38 
Pb 0.29 0.10 0.16 0.00 0.28 0.23 0.15 0.27 0.18 
As 13.03 20.82 19.76 17.89 19.13 18.94 20.09 20.91 20.08 
Sb 10.55 1.04 0.91 1.90 1.70 0.11 0.00 0.00 0.68 
Se 2.41 0.47 0.00 0.00 0.05 0.23 0.00 0.00 0.00 
Bi 0.15 0.18 0.14 0.00 0.17 0.09 0.06 0.00 0.10 
Te 0.00 0.02 0.00 0.00 0.04 0.00 0.00 0.00 0.02 
Au 0.00 0.00 0.00 0.00 0.02 0.03 0.00 0.00 0.00 
s 26.26 27.89 28.38 28.93 28.64 28.14 28.11 28.32 28.42 
Total 101.01 99.57 102.46 99.99 100.99 99.63 100.08 101.49 102.30 
Atomic proportions assuming 13 S atoms. 
Cu 10.103 9.568 9.924 9.368 9.747 9.714 9.918 10.122 9.919 
Ag 0.000 0.014 0.002 0.000 0.000 0.000 0.000 0.000 0.008 
Fe 0.172 0.297 0.255 0.652 0.272 1.261 1.007 0.530 0.899 
Zn 1.767 1.639 2.069 1.641 1.638 1.236 1.218 1.416 1.432 
Pb 0.022 0.007 0.011 0.000 0.020 0.016 0.011 0.019 0.013 
As 2.759 4.154 3.874 3.441 3.716 3.746 3.975 4.109 3.931 
Sb 1.376 0.127 0.110 0.225 0.204 0.013 0.000 0.000 0.082 
Se 0.484 0.090 0.000 0.000 0.009 0.043 0.000 0.000 0.000 
Bi 0.012 0.013 0.010 0.000 0.012 0.007 0.004 0.000 0.007 
Te 0.000 0.002 0.000 0.000 0.005 0.000 0.000 0.000 0.002 
Au 0.000 0.000 0.000 0.000 0.002 0.002 0.000 0.000 0.000 
s 13.000 13.000 13.000 13.000 13.000 13.000 13.000 13.000 13.000 
6. Nasivi SKL, 98FJ-67 
7. UR2, 99TV-13 
8. URW2, PS99TV-8 
9. undefined, 99TV-90 
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Calaverite 
Wt% 2 3 3 3 3 4 5 6 
Au 41.14 41.37 40.46 40.31 37.78 37.23 41.65 40.35 44.68 
Ag 0.84 0.77 0.82 0.79 0.85 0.97 0.78 0.84 0.04 
Te 59.08 57.76 59.24 57.88 59.57 59.57 57.87 57.41 56.16 
Bi 0.17 0.00 0.00 0.01 0.00 0.00 0.30 0.00 0.00 
Hg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cu 0.00 0.00 0.16 0.12 2.04 1.74 0.11 0.00 0.06 
Zn 0.00 0.27 0.00 0.00 0.19 0.02 0.00 0.00 0.00 
Pb 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.07 
Total 101.23 100.16 100.68 99.11 100.53 99.53 100.71 98.59 101.01 
Based on three atoms. 
Au 0.921 0.935 0.906 0.920 0.820 0.819 0.939 0.928 1.018 
Ag 0.034 0.032 0.034 0.033 0.034 0.039 0.032 0.035 0.002 
Te 2.041 2.015 2.049 2.039 1.995 2.023 2.015 2.037 1.975 
Bi 0.004 0.000 0.000 0.000 0.000 0.000 0.006 0.000 0.000 
Hg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cu 0.000 0.000 0.011 0.008 0.137 0.118 0.008 0.000 0.004 
Zn 0.000 0.018 0.000 0.000 0.013 0.001 0.000 0.000 0.000 
Pb 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.002 
1. H-lode, 98FJ-32 
2. H-lode, OOTV-8 
3. Nasivi-SKL, 98FJ-67 
4. Upper Ridges, 98FJ-52 
5. URWl, 99TV-38a 
6. URWl, OOTV-99 
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Petzite 
Wt% 2 3 3 4 4 5 5 5 6 
Ag 42.16 44.62 41.52 42.63 47.77 44.28 43.02 42.85 42.51 42.44 
Au 24.37 21.43 25.56 25.55 19.60 22.79 22.58 24.07 22.62 23.12 
Te 33.34 34.06 34.37 33.41 35.15 34.01 33.41 33.23 32.77 32.60 
Bi 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.19 
Hg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 
Cu 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 
Zn 0.00 0.00 0.00 0.06 0.04 0.05 0.11 0.00 0.00 0.00 
Pb 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.09 0.31 0.08 
Total 99.86 100.10 101.47 101.64 102.57 101.14 99.15 100.23 98.21 98.55 
Based on six atoms. 
Ag 3.023 3.144 0.000 0.000 3.246 3.104 3.078 3.055 3.082 3.073 
Au 0.957 0.827 0.000 0.000 0.729 0.875 0.885 0.940 0.898 0.917 
Te 2.021 2.029 0.000 0.000 2.019 2.015 2.021 2.003 2.008 1.995 
Bi 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 
Hg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.005 
Cu 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 
Zn 0.000 0.000 0.000 0.000 0.004 0.006 0.013 0.000 0.000 0.000 
Pb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.012 0.003 
1. H-lode, 98FJ-32 
2. H-lode, 98FJ-l 15 
3. Upper Ridges, 98FJ-39 
4. Upper Ridges, 98FJ-52 
5. URl, 99TV-37bl 
6. UR2, 99TV-26b 
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Petzite (cont.) 
Wt% 7 8 9 9 9 9 10 
Ag 41.21 41.52 41.93 43.66 44.24 44.02 42.69 
Au 25.98 26.13 27.05 23.53 22.65 23.90 23.83 
Te 33.50 33.13 31.43 33.81 34.44 34.10 32.53 
Bi 0.04 0.00 0.05 0.00 0.00 0.08 0.00 
Hg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cu 0.00 0.04 0.00 0.04 0.00 0.00 0.28 
Zn 0.00 0.10 0.08 0.02 0.03 0.00 0.00 
Pb 0.05 0.29 0.15 0.20 0.05 0.19 0.00 
Total 100.79 101.22 100.69 101.26 101.41 102.29 99.33 
Based on six atoms. 
Ag 2.950 2.958 3.011 3.070 3.092 3.068 3.060 
Au 1.019 1.019 1.064 0.906 0.867 0.912 0.935 
Te 2.028 1.995 1.908 2.010 2.035 2.010 1.971 
Bi 0.001 0.000 0.002 0.000 0.000 0.003 0.000 
Hg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cu 0.000 0.005 0.000 0.005 0.000 0.000 0.034 
Zn 0.000 0.012 0.009 0.002 0.003 0.000 0.000 
Pb 0.002 0.011 0.006 0.007 0.002 0.007 0.000 
7. UR2, OOTV-68 
8. UR2, OOTV-74 
9. UR5, PS99TV-66 
10. URWl, 99TV-38a 
134 
Hessite 
Wt% 2 2 3 4 4 5 6 7 8 
Ag 60.45 63.20 63.00 62.11 63.69 61.20 61.26 61.67 62.63 62.62 
Au 0.00 0.08 0.00 0.00 0.00 0.00 0.56 0.00 0.00 0.00 
Te 36.57 37.97 37.52 37.14 37.59 36.23 36.27 36.75 36.89 36.53 
Bi 0.00 0.00 0.00 0.00 0.04 0.06 0.04 0.13 0.00 0.00 
Hg 0.00 0.16 0.00 0.22 0.00 0.00 0.40 0.41 0.02 0.59 
Cu 1.56 0.01 0.08 0.09 0.05 0.06 0.00 0.02 0.00 0.02 
Zn 0.51 0.10 0.09 0.00 0.08 0.01 0.13 0.02 0.03 0.09 
Pb 0.00 0.00 0.13 0.00 0.13 0.32 0.40 0.31 0.00 0.21 
Total 99.09 101.52 100.82 99.56 101.59 97.87 99.04 99.31 99.57 100.06 
Based on three atoms. 
Ag 1.912 1.983 1.988 1.987 1.995 1.993 1.979 1.984 2.002 1.996 
Au 0.000 0.001 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 
Te 0.978 1.007 1.001 1.004 0.995 0.997 0.991 1.000 0.997 0.984 
Bi 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.002 0.000 0.000 
Hg 0.000 0.003 0.000 0.004 0.000 0.000 0.007 0.007 0.000 0.010 
Cu 0.084 0.000 0.004 0.005 0.003 0.003 0.000 0.001 0.000 0.001 
Zn 0.027 0.005 0.005 0.000 0.004 0.000 0.007 0.001 0.002 0.005 
Pb 0.000 0.000 0.002 0.000 0.002 0.005 0.007 0.005 0.000 0.004 
Wt% 9 
Ag 63.02 1. Nasivi-SKL, 98FJ-65 
Au 0.00 2. Upper Ridges, 98FJ-52 
Te 37.33 3. URI, 99TV-37bl 
Bi 0.00 4. UR2, 99TV-26b 
Hg 0.00 5. UR2, OOTV-74 
Cu 0.09 6. URS, PS99TV-66 
Zn 1.47 7. URWl, OOTV-99 
Pb 0.00 8. undefined, 99TV-84 
9. undefined, 99TV-90 
Total 101.90 











Wt% 2 3 4 5 5 6 7 8 8 
Pb 61.58 61.00 61.08 62.90 60.80 60.59 61.40 61.42 63.33 63.90 
Ag 0.00 0.52 0.00 0.01 0.04 0.08 0.00 0.08 0.05 0.00 
Au 0.00 0.28 0.08 0.00 0.00 0.07 0.00 0.00 0.00 0.00 
Cu 0.00 0.00 0.02 0.00 0.00 0.10 0.01 0.00 0.10 0.00 
Fe 0.07 0.21 0.23 2.30 0.50 1.21 0.15 0.02 0.07 0.00 
Bi 0.11 0.35 0.17 0.16 0.63 0.59 0.14 0.24 0.34 0.02 
Te 37.94 39.69 39.37 34.84 39.46 39.12 39.59 37.67 35.93 34.41 
Se 0.88 0.03 0.71 1.07 0.00 0.00 0.00 0.62 0.83 2.01 
s 0.08 0.07 0.23 0.57 0.29 0.46 0.24 0.06 0.20 0.22 
Total 100.66 102.15 101.89 101.84 101.71 102.23 101.52 100.11 100.83 100.55 
Based on two atoms. 
Pb 0.974 0.950 0.943 0.934 0.941 0.913 0.960 0.982 1.004 1.011 
Ag 0.000 0.016 0.000 0.000 0.001 0.002 0.000 0.002 0.002 0.000 
Au 0.000 0.005 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
Cu 0.000 0.000 0.001 0.000 0.000 0.005 0.000 0.000 0.005 0.000 
Fe 0.004 0.012 0.013 0.127 0.029 0.068 0.008 0.001 0.004 0.000 
Bi 0.002 0.005 0.003 0.002 0.010 0.009 0.002 0.004 0.005 0.000 
Te 0.975 1.004 0.987 0.840 0.991 0.957 1.005 0.978 0.925 0.884 
Se 0.037 0.001 0.029 0.042 0.000 0.000 0.000 0.026 0.035 0.083 
s 0.008 0.007 0.023 0.055 0.029 0.044 0.024 0.006 0.020 0.022 
1. Nasivi SKL, 98FJ-74 
2. Upper Ridges, 98FJ-39 
3. Upper Ridges, 98FJ-52 
4. Upper Ridges, 98FJ-55 
5. Upper Ridges, 98FJ-101 
6. URI, 99TV-37bl 
7. UR2, 99TV-26b 
8. UR2, PS99TV-26b 
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Altaite (cont.) 
Wt% 9 10 11 12 12 13 
Pb 61.73 59.89 61.87 61.77 62.97 62.49 
Ag 0.08 0.61 0.01 0.01 0.00 0.00 
Au 0.00 0.00 0.00 0.00 0.00 0.13 
Cu 0.00 0.43 0.06 0.09 0.03 0.04 
Fe 0.14 1.58 0.08 0.06 0.53 0.04 
Bi 0.57 0.34 0.11 0.09 0.22 0.17 
Te 36.30 38.25 37.52 37.11 35.71 36.97 
Se 1.98 0.00 0.00 0.76 2.04 1.61 
s 0.35 0.28 0.19 0.04 0.09 0.56 
Total 101.16 101.38 99.85 99.92 101.58 102.00 
Based on two atoms. 
Pb 0.954 0.903 0.992 0.989 0.975 0.954 
Ag 0.002 0.018 0.000 0.000 0.000 0.000 
Au 0.000 0.000 0.000 0.000 0.000 0.002 
Cu 0.000 0.021 0.003 0.004 0.001 0.002 
Fe 0.008 0.089 0.005 0.003 0.030 0.002 
Bi 0.009 0.005 0.002 0.001 0.003 0.003 
Te 0.911 0.937 0.977 0.965 0.898 0.917 
Se 0.080 0.000 0.000 0.032 0.083 0.065 
s 0.035 0.028 0.020 0.004 0.009 0.056 
9. UR2, OOTV-68 
10. UR4, 99TV-88 
11. UR5, PS99TV-66 
12. URWl, 99TV-38a 
13. URWl, OOTV-99 
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Other Tellurides 
Wt% 1 2 2 2 3 3 4 5 5 6 
Ag 3.06 9.50 10.45 11.53 57.25 58.00 0.06 0.00 0.07 0.04 
Au 38.44 30.98 25.87 26.57 1.52 0.97 0.00 0.25 0.00 0.00 
Te 60.48 57.63 62.14 62.09 41.59 42.00 39.18 40.11 39.45 40.13 
Bi 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 
Hg 0.00 0.00 0.00 0.00 0.00 0.00 58.72 59.99 59.65 61.42 
Cu 0.43 0.12 0.07 0.10 0.00 0.02 0.07 0.06 0.10 0.00 
Zn o.oi 0.00 0.07 0.14 0.06 0.15 2.36 0.06 0.00 0.12 
Pb 0.00 0.12 0.00 0.10 0.10 0.13 0.00 0.00 0.21 0.00 
Total 102.42 98.33 98.61 100.53 100.51 101.30 100.38 100.46 99.47 101.71 
Atoms 3 6 6 6 8 8 2 2 2 2 
Ag 0.121 0.755 0.810 0.875 4.904 4.915 0.002 0.000 0.002 0.001 
Au 0.831 1.349 1.099 1.105 0.071 0.045 0.000 0.004 0.000 0.000 
Te 2.019 3.875 4.073 3.985 3.012 3.009 0.963 1.020 1.014 1.010 
Bi 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 
Hg 0.000 0.000 0.000 0.000 0.000 0.000 0.918 0.970 0.976 0.983 
Cu 0.029 0.016 0.009 0.013 0.000 0.003 0.003 0.003 0.005 0.000 
Zn 0.000 0.000 0.009 0,018 0.008 0.021 0.113 0.003 0.000 0.006 
Pb 0.000 0.005 0.000 0.004 0.004 0.006 0.000 0.000 0.003 0.000 
1. Krennerite, Nasivi-SKL (98FJ-67) 
2. Sylvanite, UR5 (PS99TV-66) 
3. Stuetzite, UR5 (PS99TV-66) 
4. Coloradoite, H-lode (OOTV-8) 
5. Coloradoite, URWl (99TV-38a) 
6. Coloradoite, URWl (OOTV-99) 
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Native Gold 
Wt% 2 2 2 2 2 3 3 3 4 
Au 93.64 93.98 94.12 94.37 93.36 92.22 86.45 88.07 87.39 100.08 
Ag 4.53 6.53 7.01 6.56 6.35 6.47 10.90 10.40 10.22 0.86 
Te 0.02 0.00 0.00 0.00 0.00 0.05 0.21 0.00 0.00 0.00 
Zn 0.03 0.00 0.00 0.00 0.06 0.00 0.26 0.01 0.00 0.00 
Se 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Hg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Bi 0.73 0.21 0.02 0.00 0.03 0.03 0.00 0.18 0.19 0.32 
s 0.00 0.04 0.00 0.06 0.10 0.08 0.14 0.28 0.28 0.05 
Total 99.01 100.76 101.14 100.99 99.90 98.85 97.96 98.94 98.09 101.30 
Based on one atom. 
Au 0.910 0.884 0.880 0.884 0.883 0.882 0.798 0.808 0.809 0.979 
Ag 0.080 0.112 0.120 0.112 0.110 0.113 0.184 0.174 0.173 0.015 
Te 0.000 0.000 0.000 0.000 0.000 0.001 0.003 0.000 0.000 0.000 
Zn 0.001 0.000 0.000 0.000 0.002 0.000 0.007 0.000 0.000 0.000 
Se 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Hg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Bi 0.007 0.002 0.000 0.000 0.000 0.000 0.000 0.002 0.002 0.003 
s 0.000 0.002 0.000 0.004 0.006 0.004 0.008 0.016 0.016 0.003 
Wt% 4 
Au 98.77 
Ag 2.37 1. SKL, OOTV-36 
Te 0.08 2. Nasivi-SKL, 98FJ-67 
Zn 0.00 3. UR2, PS99TV-26b 
















Wt% 1 2 2 3 4 
Au 88.52 88.78 84.86 79.09 85.23 85.89 
Ag 12.89 13.82 12.93 17.33 14.44 13.83 
Te 0.00 0.00 0.02 0.00 0.00 0.00 
Zn 0.02 0.07 0.39 0.64 1.43 0.00 
Se 0.00 0.00 0.00 0.00 0.17 0.00 
Hg 0.00 0.00 0.00 0.00 0.00 0.00 
Bi 0.00 0.00 0.14 0.13 0.00 0.00 
s 0.04 0.07 0.16 0.40 1.21 0.38 
Total 101.47 102.74 98.50 97.58 102.47 100.10 
Based on one atom. 
Au 0.788 0.774 0.766 0.686 0.689 0.757 
Ag 0.209 0.220 0.213 0.275 0.213 0.223 
Te 0.000 0.000 0.000 0.000 0.000 0.000 
Zn 0.001 0.002 O.Qll 0.017 0.035 0.000 
Se 0.000 0.000 0.000 0.000 0.003 0.000 
Hg 0.000 0.000 0.000 0.000 0.000 0.000 
Bi 0.000 0.000 0.001 0.001 0.000 0.000 
s 0.002 0.004 0.009 0.021 0.060 0.021 
1. H-lode, 98FJ-52 
2. Nasivi-SKL, 98FJ-65 
3. UR2, OOTV-74 
4. URW2, PS99TV-8 
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APPENDIX C. ELECTRON MICRO PROBE ANALYSES OF OXIDES AND 
SILICATES 
Rutile Schreyerite 
Wt% 1 1 2 3 Wt% 1 1 
Si02 2.16 0.13 0.14 0.02 Si02 0.39 0.68 
Ti02 96.45 94.10 99.90 95.78 Ti02 59.83 62.79 
Al20 3 0.66 0.11 0.00 0.07 Al20 3 0.28 0.35 
Cr20 3 0.03 0.00 0.00 0.00 Cr20 3 0.00 0.10 
V203 0.85 5.24 1.24 1.86 V203 34.29 30.57 
FeO 0.72 0.10 0.49 0.56 FeO 0.57 0.16 
MnO 0.02 0.00 0.00 0.00 MnO 0.07 0.09 
MgO 0.00 0.00 0.00 0.00 MgO 0.00 0.06 
ZnO 0.00 0.00 0.00 0.13 ZnO 0.00 0.00 
cao 0.04 0.24 0.03 0.09 Cao 0.09 0.11 
Na20 0.06 0.04 0.00 0.00 Na20 O.Ql 0.08 
K20 0.50 0.03 0.03 0.11 K20 0.05 0.05 
F 0.53 0.00 0.20 0.22 F 0.00 0.08 
Cl 0.00 0.03 0.01 0.00 Cl 0.00 0.01 
Total 102.01 100.01 102.03 98.84 Total 95.57 95.13 
Based on two 0 atoms. Based on nine 0 atoms. 
Si 0.028 0.002 0.002 0.000 Si 0.026 0.046 
Ti 0.950 0.952 0.985 0.979 Ti 3.041 3.176 
Al 0.010 0.002 0.000 0.001 Al 0.022 0.027 
Cr 0.000 0.000 0.000 0.000 Cr 0.000 0.006 
v 0.009 0.057 0.013 0.020 v 1.858 1.648 
Fe 0.008 0.001 0.005 0.006 Fe 0.032 0.009 
Mn 0.000 0.000 0.000 0.000 Mn 0.004 0.005 
Mg 0.000 0.000 0.000 0.000 Mg 0.000 0.006 
Zn 0.000 0.000 0.000 0.001 Zn 0.000 0.000 
Ca 0.001 0.003 0.000 0.001 Ca 0.006 0.008 
Na 0.001 0.001 0.000 0.000 Na 0.001 0.010 
K 0.008 0.001 0.001 0.002 K 0.004 0.005 
F 0.022 0.000 0.008 0.010 F 0.000 0.016 
Cl 0.000 0.001 0.000 0.000 Cl 0.000 0.001 
l. TUV2, OOTV-4 1. TUV2, OOTV-4 
2. S.KL7, OOTV-57 
3. URWl, OOTV-100 
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Karelianite 
Wt% 1 1 2 2 2 3 
Si02 0.22 0.10 0.30 0.24 0.21 0.31 0.45 0.41 0.00 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
A1203 0.03 0.00 0.00 0.00 0.02 0.04 0.00 0.00 0.00 
Cr20 3 0.33 0.17 0.31 0.43 0.33 0.34 0.53 0.33 0.00 
V20 3 96.85 97.30 99.89 101.29 98.35 98.39 98.61 101.18 96.90 
FeO 0.00 0.00 0.08 0.06 0.12 0.07 0.03 0.07 1.03 
MnO 0.00 0.05 0.00 0.00 0.00 0.07 0.08 0.02 0.08 
MgO 0.16 0.16 0.08 0.14 0.00 0.00 0.00 0.00 0.17 
ZnO 0.07 0.00 0.17 0.00 0.02 0.10 0.07 0.15 0.00 
CaO 0.05 0.04 0.01 0.00 0.02 O.ol 0.01 0.00 0.01 
Na20 0.14 0.06 0.00 0.00 0.07 0.00 0.00 0.04 0.03 
KiO 0.08 0.09 0.00 O.ol 0.02 0.03 0.00 0.03 0.04 
F 0.20 0.65 0.28 0.00 0.13 0.45 0.00 0.00 0.37 
Cl 0.00 0.00 0.05 0.03 0.04 0.03 0.03 0.05 0.02 
Total 98.14 98.61 101.17 102.20 99.33 99.84 99.81 102.28 98.66 
Based on two 0 atoms. 
Si 0.006 0.002 0.007 0.006 0.005 0.008 0.011 0.010 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 0.001 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 
Cr 0.007 0.003 0.006 0.008 0.007 0.007 0.010 0.006 0.000 
v 1.976 1.986 1.979 1.980 1.982 1.978 1.972 1.976 1.979 
Fe 0.000 0.000 0.002 0.001 0.003 0.001 0.001 0.001 0.022 
Mn 0.000 0.001 0.000 0.000 0.000 0.001 0.002 0.000 0.002 
Mg 0.006 0.006 0.003 0.005 0.000 0.000 0.000 0.000 0.006 
Zn 0.001 0.000 0.003 0.000 0.000 0.002 0.001 0.003 0.000 
Ca 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
Na 0.007 0.003 0.000 0.000 0.003 0.000 0.000 0.002 0.002 
K 0.003 0.003 0.000 0.000 0.001 0.001 0.000 0.001 0.001 
F 0.016 0.052 0.022 0.000 0.010 0.036 0.000 0.000 0.030 
Cl 0.000 0.000 0.002 0.001 0.002 0.001 0.001 0.002 0.001 
1. Nasivi Steep, 99TV-68a 
2. Nasivi Steep, PS99TV-68F 


















1 1 1 1 
0.00 0.07 0.25 0.23 
0.00 0.00 0.00 0.00 
0.81 0.51 0.07 0.20 
0.20 0.16 0.05 0.46 
86.26 82.17 65.15 79.81 
0.11 6.66 20.66 6.58 
0.05 O.ot 0.01 0.00 
0.14 0.04 0.16 0.10 
0.00 0.00 0.00 0.00 
0.01 0.02 0.03 0.15 
0.00 0.00 0.18 0.07 
O.ot 0.00 0.02 0.04 
0.21 0.22 0.05 0.00 
0.00 0.00 0.02 0.04 
87.80 89.86 86.65 87.68 
Based on 16 0 atoms. 
Si 0.000 0.010 
Ti 0.000 0.000 
Al 0.144 0.091 
Cr 0.024 0.019 




































1 2 2 2 
0.38 0.03 0.10 0.00 
0.00 0.00 0.00 0.00 
0.00 2.11 1.91 1.10 
0.00 0.15 0.20 0.25 
78.44 81.09 79.97 83.43 
6.37 2.70 4.77 1.65 
0.02 0.00 0.06 0.00 
O.ot 0.03 0.07 0.10 
0.00 0.00 0.00 0.00 
0.09 0.00 0.01 0.06 
0.12 0.06 0.06 0.19 
0.04 O.ot 0.01 0.15 
0.34 0.21 0.00 0.20 
0.04 O.ot 0.00 0.00 
85.85 86.39 87 .13 87 .11 
0.060 0.005 O.ot5 0.000 
0.000 0.000 0.000 0.000 
0.000 0.384 0.345 0.198 
0.000 O.ot8 0.024 0.030 
9.993 10.016 9.848 10.248 
Fe 0.014 0.843 2.857 0.853 2.471 1.194 0.846 0.347 0.612 0.211 
Mn 0.007 0.001 0.002 0.000 0.001 0.000 0.003 0.000 0.007 0.000 
Mg 0.031 0.009 0.038 0.023 0.010 0.012 0.002 0.008 0.016 0.023 
Zn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ca 0.002 0.003 0.005 0.025 0.016 0.047 O.ot5 0.000 0.001 0.009 
Na 0.000 0.000 0.056 0.021 0.003 0.021 0.037 0.016 0.017 0.056 
K 0.003 0.000 0.005 0.008 0.002 0.022 0.008 0.002 0.002 0.029 
F 0.102 0.104 0.026 0.000 0.000 0.000 0.171 0.100 0.000 0.096 
Cl 0.000 0.000 0.005 0.011 0.014 0.013 0.011 0.003 0.000 0.000 
1. Nasivi Steep, 99TV-68a 




Wt% 2 2 2 2 2 2 2 2 2 2 
Si02 0.00 0.00 0.58 0.56 0.58 0.47 0.40 0.35 0.19 0.11 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al203 1.66 1.67 3.61 2.76 0.18 0.15 0.22 0.10 0.30 0.35 
Cr20 3 0.22 0.47 0.47 0.41 0.46 0.71 0.59 0.53 0.38 0.52 
V203 83.26 83.51 81.10 81.50 85.45 81.47 83.14 86.70 81.04 83.26 
FeO 2.19 1.82 1.77 2.76 0.11 3.05 0.07 0.42 2.10 1.67 
MnO 0.00 0.06 0.05 0.04 0.10 0.00 0.06 0.06 0.00 0.01 
MgO 0.08 0.11 0.01 0.19 0.17 0.11 0.15 0.04 0.07 O.Dl 
ZnO 0.02 0.00 0.00 0.05 0.00 0.00 0.00 0.10 0.00 0.00 
CaO 0.00 0.00 0.00 0.03 0.02 0.08 0.06 0.04 0.04 0.07 
Na20 0.03 0.01 0.00 0.00 0.05 0.29 0.17 0.18 0.10 0.16 
K20 0.00 0.00 0.00 0.02 0.07 0.14 0.13 0.11 0.25 0.31 
F 0.27 0.00 0.61 0.24 0.00 1.36 0.00 0.00 0.34 0.47 
Cl 0.00 0.00 0.03 0.03 0.04 0.05 0.07 0.05 0.05 0.04 
Total 87.72 87.64 88.23 88.59 87.23 87.88 85.06 88.68 84.86 86.98 
Based on 16 0 atoms. 
Si 0.000 0.000 0.087 0.084 0.088 0.073 0.062 0.053 0.030 0.017 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 0.297 0.297 0.635 0.485 0.032 0.027 0.040 0.018 0.056 0.064 
Cr 0.027 0.056 0.055 0.048 0.055 0.087 0.073 0.063 0.048 0.064 
v 10.142 10.137 9.708 9.752 10.407 10.127 10.403 10.434 10.295 10.326 
Fe 0.278 0.231 0.221 0.344 0.014 0.395 0.009 0.053 0.278 0.216 
Mn 0.000 0.007 0.006 0.005 0.013 0.000 0.008 0.008 0.000 0.001 
Mg 0.018 0.025 0.002 0.042 0.038 0.025 0.035 0.009 0.017 0.002 
Zn 0.002 0.000 0.000 0.006 0.000 0.000 0.000 0.011 0.000 0.000 
Ca 0.000 0.000 0.000 0.005 0.003 0.013 0.010 0.006 0.007 0.012 
Na 0.009 0.002 0.000 0.000 0.015 0.087 0.051 0.052 0.031 0.048 
K 0.000 0.000 0.000 0.004 0.014 0.028 0.026 0.021 0.051 0.061 
F 0.130 0.000 0.288 0.113 0.000 0.667 0.000 0.000 0.170 0.230 
Cl 0.000 0.000 0.008 0.008 0.010 0.013 0.019 0.013 0.013 0.010 


















2 2 2 2 
0.18 0.06 0.18 0.62 
0.00 0.00 0.00 0.00 
0.63 0.31 1.82 0.86 
0.63 0.17 0.54 0.48 
86.66 85.40 82.94 85.33 
1.46 1.61 1.19 1.43 
0.00 0.00 0.00 0.00 
0.11 0.08 0.06 0.09 
0.00 0.08 0.00 0.00 
0.17 0.05 0.00 0.00 
0.17 0.05 0.00 0.00 
0.14 0.17 0.01 0.00 
0.05 0.00 0.36 0.11 
0.04 0.04 0.06 0.03 
90.24 88.02 87.16 88.95 
Based on 16 0 atoms. 
2 2 2 2 2 
0.70 0.44 0.63 0.19 0.25 
0.00 0.00 0.00 0.04 0.00 
1.83 1.04 1.19 0.92 0.76 
0.13 0.30 0.36 0.20 0.25 
82.05 82.22 76.21 83.58 85.38 
2.86 2.42 7.03 1.07 1.38 
0.00 0.00 0.08 0.00 0.00 
0.02 0.03 0.08 0.03 0.08 
0.00 0.00 0.07 0.00 0.00 
0.00 0.00 O.Ql O.Ql 0.06 
0.00 0.00 0.06 0.01 0.07 
0.00 0.02 0.07 0.08 0.11 
0.00 0.00 0.65 0.30 0.23 
0.05 0.03 0.05 0.03 0.04 

















Si 0.027 0.009 0.027 0.092 0.106 0.068 0.099 0.029 0.038 0.050 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 0.110 0.056 0.327 0.151 0.326 0.189 0.221 
Cr 0.074 0.020 0.065 0.057 0.016 0.036 0.045 
v 10.268 10.403 10.128 10.205 9.940 10.138 9.615 









0.000 0.000 0.000 0.000 
0.024 0.018 0.014 0.020 
0.000 0.009 0.000 0.000 
0.027 0.008 0.000 0.000 
0.049 0.015 0.000 0.000 
0.026 0.033 0.002 0.000 
0.023 0.000 0.173 0.052 
0.010 0.010 0.015 0.008 
2. Nasivi Steep, PS99TV-68F 
0.000 0.000 0.011 
0.005 0.007 0.019 
0.000 0.000 0.008 
0.000 0.000 0.002 
0.000 0.000 0.018 
0.000 0.004 0.014 
0.000 0.000 0.323 
0.013 0.008 0.013 
0.005 0.000 0.000 
0.167 0.135 0.203 
0.024 0.030 0.041 
10.326 10.304 10.061 




















Wt% 2 2 2 2 2 3 
Si02 0.34 0.35 0.46 0.36 0.55 0.00 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 
Al203 2.45 1.37 2.59 2.77 2.17 1.03 
Cr20 3 0.43 0.00 0.70 0.38 0.41 0.02 
V203 84.34 81.16 78.21 81.80 81.64 82.82 
FeO 2.14 4.39 4.59 2.61 2.81 4.58 
MnO 0.00 0.00 0.00 0.08 0.00 0.00 
MgO 0.08 0.07 0.05 0.07 0.11 0.11 
ZnO 0.00 0.00 0.06 0.00 0.09 0.12 
Cao 0.00 0.00 0.00 0.02 0.03 0.03 
Na20 0.06 0.00 0.00 0.00 0.00 0.10 
K20 0.00 0.00 0.00 0.00 0.00 0.04 
F 0.00 0.81 0.00 0.04 0.18 0.22 
Cl 0.03 O.Ql 0.02 0.02 0.02 O.Ql 
Total 89.87 88.16 86.68 88.15 88.01 89.06 
Based on 16 0 atoms. 
Si 0.050 0.054 0.071 0.054 0.083 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 
Al 0.424 0.247 0.468 0.489 0.385 0.184 
Cr 0.050 0.000 0.085 0.045 0.049 0.002 
v 9.933 9.963 9.615 9.823 9.860 10.054 
Fe 0.263 0.562 0.589 0.327 0.354 0.580 
Mn 0.000 0.000 0.000 0.010 0.000 0.000 
Mg 0.018 0.016 0.011 0.016 0.025 0.024 
Zn 0.000 0.000 0.007 0.000 0.010 0.014 
Ca 0.000 0.000 0.000 0.003 0.005 0.004 
Na 0.017 0.000 0.000 0.000 0.000 0.028 
K 0.000 0.000 0.000 0.000 0.000 0.008 
F 0.000 0.392 0.000 0.019 0.086 0.104 
Cl 0.007 0.003 0.005 0.005 0.005 0.001 
2. Nasivi Steep, PS99TV-68F 
3. Nasivi Steep, PS99TV-68a 
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Magnetite 
Wt% 1 1 2 2 3 4 5 5 
Si02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ti02 0.17 0.12 0.08 0.05 0.08 0.09 1.56 1.05 
Al203 0.44 0.21 0.10 0.00 0.34 0.00 1.28 2.14 
Cr20 3 0.07 0.03 0.08 0.00 0.00 0.00 0.00 0.07 
V203 0.51 0.57 0.66 0.69 0.66 0.54 0.33 0.29 
Fe20 3* 67.21 67.93 63.00 65.41 64.47 67.57 63.50 63.42 
FeO* 30.88 30.87 28.83 29.47 28.62 29.71 29.64 28.26 
MnO 0.25 0.28 0.08 0.38 0.96 0.96 1.15 1.01 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.84 1.46 
ZnO 0.00 0.07 0.00 0.00 0.13 0.16 0.15 0.24 
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na20 0.00 0.00 0.03 0.00 0.04 O.Ql 0.00 0.00 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 
Cl 0.00 0.03 0.01 0.02 0.00 0.00 0.03 0.00 
Total 99.52 100.11 92.86 96.01 95.30 99.05 98.54 97.93 
Based on four 0 atoms. 
Si 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.005 0.003 0.002 0.002 0.002 0.003 0.045 0.030 
Al 0.020 0.009 0.005 0.000 0.016 0.000 0.058 0.097 
Cr 0.002 0.001 0.003 0.000 0.000 0.000 0.000 0.002 
v 0.016 O.Q18 0.022 0.022 0.021 0.017 0.010 0.009 
Fe+3 1.952 1.965 1.965 1.975 1.957 1.978 1.841 1.832 
Fe+2 0.997 0.992 0.999 0.989 0.965 0.966 0.955 0.907 
Mn 0.008 0.009 0.003 0.013 0.033 0.032 0.038 0.033 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.048 0.084 
Zn 0.000 0.002 0.000 0.000 0.004 0.005 0.004 0.007 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Na 0.000 0.000 0.002 0.000 0.003 0.001 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
F 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 
Cl 0.000 0.002 0.001 0.001 0.000 0.000 0.002 0.000 
* Fe20 3 and FeO recalculated from total Fe measured as FeO 
1. Tuvatu, 98FJ-33 
2. TUV2, OOTV-4 
3. SKL6, OOTV-55 
4. Nasivi Steep, PS99TV-68a 





Al20 3 9.63 








































































































































Cl O.Ql 0.03 O.Ql 0.01 0.01 0.00 0.08 0.07 0.02 0.01 
Total 94.76 95.79 94.19 94.48 94.08 94.76 93.90 93.10 96.16 95.00 
Based on 22 0 atoms. 
Si 6.822 7.361 
Ti 0.000 0.000 
Al 1.649 0.996 
Cr 0.000 0.003 
v 3.195 3.209 































1. GRFl, OOTV-23F 
2. SKL, PS99TV-69F 
3. SKL5, 99TV-1 






















































































Wt% 4 4 4 4 5 5 6 6 7 7 
Si02 46.40 47.61 51.20 47.43 48.75 47.70 44.13 47.97 46.92 46.93 
Ti02 0.04 0.08 0.08 0.07 0.03 0.00 0.00 0.00 0.00 0.02 
Al203 7.69 7.47 15.41 9.17 7.15 7.01 12.53 14.70 7.30 8.05 
Cr20 3 0.05 0.03 0.03 0.06 0.14 0.22 0.00 0.00 0.03 0.00 
Y203 29.64 30.28 19.28 28.00 29.23 29.91 25.93 22.44 30.88 29.80 
FeO 0.09 0.11 0.48 0.29 0.24 0.15 0.94 0.09 0.12 0.08 
MnO 0.13 0.05 0.07 0.10 0.00 0.01 0.00 0.03 0.06 0.03 
MgO 1.24 1.39 2.25 1.59 1.09 1.06 0.70 0.65 0.81 0.95 
ZnO 0.00 0.03 0.03 0.06 0.019 0.033 0.00 0.11 0.00 0.06 
Cao 0.01 0.02 0.14 0.11 0.11 0.07 0.23 0.07 0.15 0.06 
Na20 0.34 0.45 0.05 0.03 0.07 0.10 0.86 0.49 0.09 0.07 
K20 8.96 9.24 9.04 9.24 7.89 7.77 8.60 9.00 8.65 9.14 
F 0.00 0.27 0.04 0.04 0.00 0.09 0.05 0.00 0.27 0.11 
Cl 0.00 0.00 0.04 0.01 0.02 0.05 0.04 0.03 0.02 0.01 
Total 94.59 97.02 98.13 96.18 94.74 94.16 94.00 95.58 95.30 95.33 
Based on 22 0 atoms. 
Si 6.794 6.820 6.920 6.789 7.003 6.955 6.473 6.749 6.843 6.816 
Ti 0.005 0.008 0.009 0.007 0.003 0.000 0.000 0.000 0.000 0.002 
Al 1.326 1.262 2.454 1.547 1.215 1.205 2.167 2.438 1.254 1.377 
Cr 0.006 0.004 0.003 0.007 0.016 0.026 0.000 0.000 0.003 0.000 
v 3.480 3.478 2.089 3.214 3.379 3.496 3.049 2.532 3.606 3.471 
Fe 0.011 0.013 0.054 0.034 0.028 0.018 0.115 0.011 0.014 0.010 
Mn 0.016 0.006 0.008 0.012 0.000 0.010 0.000 0.004 0.008 0.004 
Mg 0.271 0.297 0.453 0.339 0.234 0.230 0.153 0.136 0.176 0.205 
Zn 0.000 0.003 0.003 0.007 0.002 0.004 0.000 0.011 0.000 0.006 
Ca 0.001 0.003 0.020 0.017 0.017 0.010 0.036 0.011 0.023 0.010 
Na 0.095 0.125 0.012 0.009 0.019 0.027 0.243 0.134 0.120 0.020 
K 1.673 1.688 1.558 1.688 1.452 1.445 1.610 1.616 1.607 1.694 
F 0.000 0.123 0.018 0.017 0.000 0.039 0.021 0.000 0.125 0.052 
Cl 0.000 0.000 0.010 0.001 0.005 0.013 0.009 0.007 0.005 0.003 
4. SK.L6, OOTV-55 
5. SK.L7, OOTV-57 
6. SK.L7, OOTV-58 
7. Nasivi Steep, 99TV-68a 
Roscoelite (cont.) 
Wt% 7 8 










































































































































Si 6.934 6.749 6.993 6.700 6.580 6.644 6.678 6.735 
Ti 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 












0.021 0.004 0.003 
3.367 3.575 3.593 
0.002 0.008 0.015 
0.000 0.008 0.003 
0.192 0.182 0.179 
0.006 0.000 0.000 
0.003 0.000 0.014 
0.011 0.138 0.016 
1.689 1.625 1.595 
0.000 0.172 0.030 
0.010 0.002 0.000 
7. Nasivi Steep, 99TV-68a 
8. Nasivi Steep, PS99TV-68a 
9. Nasivi Steep, PS99TV-68F 









































































































Wt% 11 11 
Si02 47.89 51.65 
Ti02 0.13 0.47 
Al20 3 12.50 17.77 
Cr20 3 0.00 0.06 
V203 24.43 13.95 
FeO 0.24 0.34 
MnO 0.06 0.05 
MgO 1.38 2.72 
ZnO 0.00 0.00 
Cao 0.16 0.06 
Na20 0.00 0.01 
K20 9.31 9.80 
F 0.42 0.50 
Cl 0.02 0.02 
Total 96.53 97.40 
Based on 22 0 atoms. 
Si 6.759 6.411 
Ti 0.014 0.010 
Al 2.079 2.861 
Cr 0.000 0.007 
v 2.765 1.528 
Fe 0.028 0.027 
Mn 0.007 0.007 
Mg 0.290 0.319 
Zn 0.000 0.000 
Ca 0.024 0.034 
Na 0.000 0.000 
K 1.676 1.709 
F 0.188 0.112 
Cl 0.005 0.004 
11. URW2, 99TV-7 
151 
Biotite 
Wt% 1 1 2 3 4 4 4 
Si02 36.41 35.36 37.66 36.45 39.13 38.36 36.64 
Ti02 0.79 1.66 0.19 4.59 3.85 4.58 4.79 
Al203 19.40 20.18 18.80 14.90 13.65 14.25 15.64 
Cr20 3 0.04 0.00 0.04 0.06 0.00 0.00 O.Ql 
V203 0.49 0.42 0.02 0.00 0.10 0.08 0.10 
FeO 12.76 12.99 10.61 13.16 12.77 13.97 15.09 
MnO 0.19 0.12 2.48 0.36 0.61 0.60 0.48 
MgO 14.33 13.51 14.94 15.63 16.32 15.28 14.40 
ZnO 0.00 0.00 0.00 0.01 0.03 0.00 0.19 
Cao 0.05 0.01 0.00 0.00 0.08 0.08 0.03 
Na20 0.23 0.18 0.11 0.17 0.16 0.33 0.53 
K20 10.48 10.38 10.73 9.63 10.29 9.75 9.67 
F 0.88 1.38 0.66 0.46 1.19 0.45 0.79 
Cl 0.05 0.04 O.Ql 0.05 0.04 0.06 0.07 
Total 96.10 96.22 96.25 95.46 98.21 97.79 98.44 
Based on 22 0 atoms. 
Si 5.409 5.280 5.557 5.450 5.714 5.608 5.387 
Ti 0.088 0.186 0.021 0.516 0.423 0.504 0.530 
Al 3.397 3.553 3.269 2.626 2.349 2.455 2.711 
Cr 0.005 0.000 0.005 0.007 0.000 0.000 0.001 
v 0.058 0.051 0.003 0.000 0.012 0.009 0.012 
Fe 1.585 1.622 1.309 1.646 1.560 1.709 1.855 
Mn 0.024 0.015 0.310 0.045 0.075 0.074 0.060 
Mg 3.173 3.009 3.286 3.484 3.552 3.330 3.155 
Zn 0.000 0.000 0.000 0.002 0.003 0.000 0.020 
Ca 0.008 0.002 0.000 0.000 0.012 0.013 0.005 
Na 0.066 0.052 0.032 0.049 0.045 0.094 0.151 
K 1.987 1.977 2.020 1.838 1.917 1.818 1.815 
F 0.414 0.652 0.308 0.219 0.550 0.209 0.368 
Cl 0.014 0.011 0.003 0.012 0.010 0.015 0.017 
1. Phlogopite, SKL6 (OOTV-55) 
2. Phlogopite, SKL7 (OOTV-57) 
3. Phlogopite, URWl (99TV-38a) 
4. Phlogopite, URW2 (99TV-7) 
152 
Zoned Biotite 
Wt% 5 5 5 5 5 5 5 5 5 5 
Si02 39.17 38.80 39.65 39.99 39.76 38.43 39.47 38.86 41.22 40.71 
Ti02 1.99 2.65 1.42 0.83 1.03 2.77 1.90 2.47 0.86 1.35 
Al203 14.45 15.41 14.40 14.55 14.08 14.91 14.97 15.55 14.08 12.63 
Cr20 3 0.00 0.04 0.06 0.04 0.00 O.Ql 0.02 0.04 0.00 0.06 
FeO 10.23 10.65 9.85 9.60 9.13 11.10 9.51 10.83 10.01 9.11 
MnO 0.23 0.20 0.17 0.13 0.10 0.10 0.13 0.21 0.30 0.13 
MgO 19.17 18.88 19.96 21.43 21.29 18.61 19.63 18.39 20.84 20.77 
ZnO 0.04 0.05 0.08 0.00 0.00 0.07 0.00 0.00 0.00 0.12 
Cao 0.02 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.02 
Na20 0.33 0.31 0.28 0.22 0.31 0.27 0.28 0.41 0.23 0.27 
K20 10.62 10.46 10.61 10.80 10.82 10.59 10.77 10.51 10.87 10.56 
F 3.63 2.69 3.25 4.86 4.16 3.47 4.23 3.91 4.41 0.00 
Cl 0.04 0.04 0.05 0.06 0.00 0.06 0.04 0.05 0.04 0.04 
Total 99.92 100.18 99.78 102.53 100.69 100.40 100.95 101.22 102.86 95.78 
Based on 22 0 atoms. 
Si 5.693 5.575 5.730 5.705 5.731 5.577 5.685 5.598 5.832 5.905 
Ti 0.217 0.286 0.154 0.089 0.112 0.303 0.206 0.268 0.092 0.148 
Al 2.475 2.610 2.454 2.446 2.392 2.550 2.541 2.640 2.348 2.160 
Cr 0.000 0.004 0.007 0.005 0.000 0.001 0.003 0.005 0.000 0.007 
Fe 1.243 1.279 1.190 1.146 1.100 1.347 1.145 1.305 1.184 1.106 
Mn 0.028 0.024 0.021 0.016 0.012 0.012 0.015 0.025 0.035 0.016 
Mg 4.155 4.043 4.301 4.559 4.575 4.027 4.215 3.948 4.397 4.492 
Zn 0.005 0.006 0.008 0.000 0.000 0.008 0.000 0.000 0.000 0.013 
Ca 0.002 0.001 0.002 0.001 0.001 0.002 0.000 0.000 0.002 0.002 
Na 0.094 0.086 0.079 0.061 0.087 0.076 0.078 0.114 0.063 0.077 
K 1.970 1.918 1.957 1.965 1.989 1.962 1.978 1.931 1.961 1.955 
F 1.669 1.224 1.484 2.194 1.895 1.594 1.929 1.781 1.972 0.000 
Cl 0.010 0.009 0.013 0.014 0.001 0,015 0.010 0.013 0.009 0.010 
5. Phlogopite, MURI (99TV-93) 
153 
Zoned Biotite (cont.) 
Wt% 5 5 5 5 5 5 5 5 5 5 
Si02 40.54 37.83 38.66 40.25 40.02 39.65 38.34 38.70 38.84 39.60 
Ti02 2.01 2.56 2.73 0.33 0.56 0.70 1.88 1.57 1.63 2.17 
Al203 13.25 15.18 15.40 14.38 15.10 13.86 14.95 13.73 14.71 13.41 
Cr20 3 0.03 0.05 0.07 0.00 0.00 0.00 0.00 0.04 0.00 0.03 
FeO 9.86 11.46 11.26 9.68 10.26 10.89 10.15 11.00 11.25 10.15 
MnO 0.19 0.06 0.15 0.02 0.17 0.16 0.14 0.24 0.27 0.26 
MgO 20.27 18.19 18.28 20.91 19.69 19.70 19.36 19.01 18.86 20.08 
ZnO 0.05 0.00 0.00 0.08 0.04 0.00 O.ot 0.12 0.10 0.16 
Cao 0.02 0.03 0.01 0.00 0.04 0.00 0.01 0.03 0.03 0.03 
Na20 0.00 0.09 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00 
KzO 10.81 10.59 10.58 10.79 10.52 10.52 10.84 10.56 10.81 10.58 
F 1.72 0.77 0.75 2.27 1.47 1.17 0.00 1.52 0.00 0.00 
Cl 0.03 0.06 0.04 0.04 0.04 0.04 0.02 0.06 0.03 0.06 
Total 98.78 96.85 97.94 98.84 97.91 96.68 95.68 96.59 96.52 96.54 
Based on 22 0 atoms. 
Si 5.823 5.548 5.584 5.798 5.775 5.808 5.610 5.726 5.663 5.740 
Ti 0.217 0.282 0.297 0.035 0.061 0.077 0.207 0.175 0.179 0.237 
Al 2.244 2.623 2.622 2.441 2.569 2.393 2.580 2.393 2.527 2.292 
Cr 0.004 0.006 0.008 0.000 0.000 0.000 0.000 0.005 0.000 0.003 
Fe 1.184 1.405 1.361 1.166 1.238 1.334 1.242 1.362 1.372 1.231 
Mn 0.023 0.007 0.018 0.002 0.021 0.019 0.017 0.030 0.033 0.032 
Mg 4.341 3.977 3.938 4.491 4.237 4.303 4.224 4.194 4.100 4.341 
Zn 0.006 0.000 0.000 0.009 0.004 0.000 0.001 0.013 0.011 0.017 
Ca 0.003 0.005 0.001 0.000 0.007 0.000 0.001 0.004 0.005 0.005 
Na 0.000 0.026 0.000 0.026 0.000 0.000 0.000 0.000 0.000 0.000 
K 1.981 1.980 1.950 1.984 1.937 1.966 2.023 1.994 2.011 1.957 
F 0.780 0.355 0.343 1.034 0.670 0.541 0.000 0.713 0.000 0.000 
Cl 0.008 0.015 0.010 0.010 0.010 0.010 0.004 0.015 0.007 O.ot5 
5. Phlogopite, MURI (99TV-93) 
154 
Other micas 
Wt% 1 2 2 
Si02 45.66 29.11 31.60 
Ti02 0.00 0.01 0.03 
Al203 35.70 16.13 14.81 
Cr20 3 0.00 0.03 0.02 
FeO 2.65 32.74 26.60 
MnO 0.00 0.32 0.24 
MgO 0.22 8.30 7.87 
ZnO 0.00 0.00 0.44 
Cao 0.00 0.62 1.47 
Na20 0.71 0.10 0.55 
K20 11.00 0.09 0.33 
F 0.13 0.06 0.10 
Cl 0.03 0.06 0.11 
Total 97.09 89.56 86.18 
Based on 22 0 atoms. 
Si 6.099 5.018 5.504 
Ti 0.000 0.001 0.004 
Al 5.621 3.277 3.042 
Cr 0.000 0.004 0.003 
Fe 0.296 4.721 3.875 
Mn 0.000 0.046 0.036 
Mg 0.044 2.134 2.044 
Zn 0.000 0.000 0.056 
Ca 0.000 0.115 0.275 
Na 0.184 0.033 0.186 
K 1.874 0.019 0.073 
F 0.053 0.034 0.056 
Cl 0.006 0.017 0.031 
1. Muscovite, TUV2 (OOTV-4) 
2. Daphnite, URWl (OOTV-100) 
155 
Quartz 
Wt% 1 2 2 3 3 4 5 
Si02 101.50 99.88 98.51 100.97 99.80 99.07 98.94 
Ti02 0.00 0.03 0.00 0.02 0.00 0.07 0.00 
Al203 0.53 0.64 1.46 0.34 0.24 0.68 0.03 
Cr203 0.01 0.00 0.00 0.00 0.05 0.00 0.00 
FeO 0.00 0.04 0.06 0.00 0.00 0.00 0.00 
MnO 0.00 o.oi 0.00 0.03 0.00 0.06 0.00 
MgO 0.00 0.00 0.06 0.00 0.00 o~oo 0.00 
ZnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cao 0.00 0.00 0.00 0.02 0.00 0.00 0.00 
Na20 0.03 0.00 0.00 0.00 0.00 0.08 0.09 
K20 0.02 o.oi 0.51 o.oi 0.00 0.12 0.00 
F 0.00 2.26 0.00 0.00 0.00 0.72 0.00 
Cl 0.00 0.00 0.00 0.02 0.02 0.00 0.00 
Total 102.08 102.86 100.61 101.41 100.10 100.79 99.06 
Based on two 0 atoms. 
Si 0.995 0.994 0.985 0.997 0.998 0.993 0.999 
Ti 0.000 0.000 0.000 0.000 0.000 0.001 0.000 
Al 0.006 0.008 0.017 0.004 0.003 0.008 0.000 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mg 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
Zn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Na 0.000 0.000 0.000 0.000 0.000 0.001 0.002 
K 0.000 0.000 0.007 0.000 0.000 0.001 0.000 
F 0.000 0.071 0.000 0.000 0.000 0.023 0.000 
Cl 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1. H-lode, OOTV-12F 
2. MURI, 99TV-93 
3. UR2, PS99TV-26b 
4. URWl, 99TV-38a 
5. WEST!, OOTV-117F 
156 
K-feldsEar 
Wt% 1 2 2 3 
Si02 64.82 65.77 65.67 63.62 65.72 
Ti02 0.01 0.00 O.ot 0.05 O.ot 
Al203 18.59 19.29 19.09 20.12 19.58 
Cr20 3 O.ot 0.00 0.00 0.00 0.00 
FeO 0.02 0.06 0.07 0.00 0.00 
MnO 0.03 0.00 0.00 0.02 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 
ZnO 0.00 0.00 0.00 0.03 0.00 
Cao 0.04 0.03 0.02 0.00 0.00 
Na20 2.52 2.87 1.74 2.13 0.00 
K20 14.07 13.95 14.96 14.53 16.84 
F 0.00 0.06 0.00 0.00 0.00 
Cl 0.00 O.ot 0.02 0.01 0.02 
Total 100.11 102.03 101.58 100.51 102.16 
Based on nine 0 atoms. 
Si 2.980 2.966 2.978 2.921 2.974 
Ti 0.000 0.000 0.000 0.002 0.000 
Al 1.007 1.025 1.021 1.089 1.044 
Cr 0.001 0.000 0.000 0.000 0.000 
Fe 0.001 0.002 0.003 0.000 0.000 
Mn 0.001 0.000 0.000 0.001 0.000 
Mg 0.000 0.000 0.000 0.000 0.000 
Zn 0.000 0.000 0.000 0.001 0.000 
Ca 0.002 0.001 0.001 0.000 0.000 
Na 0.225 0.251 0.153 0.190 0.000 
K 0.825 0.802 0.866 0.851 0.972 
F 0.000 0.008 0.000 0.000 0.000 
Cl 0.000 0.001 0.001 0.001 0.001 
1. Orthoclase, H-lode (OOTV-12F) 
2. Orthoclase, SKL6 (OOTV-55) 
3. Adularia, UR2 (PS99TV-26b) 
157 
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